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ABSTRACT
Many reef fishes are harvested, making it important to study the effects of
exploitation. However, reef fishes often show highly variable and unpredictable genetic
patterns, and high levels of gene flow from dispersive larvae can mask the effects of
stressors. Since larval dispersal is the main mechanism of gene flow in reef fishes, and
inter-reef movements of adults are reduced, studying cohorts offers a solution to
assessing the effects of exploitation because it lowers the chance that gene flow will mask
the effects of fishing. Here we characterize genetic patterns in the common coral trout,
Plectropomus leopardus, an important reef species that is exploited across the Great
Barrier Reef. Since larval dispersal is the main mechanism of gene flow in this species,
we were able to use a cohort approach to observe genetic patterns at the cohort level and
assess how these patterns contribute to the those at the population level. Additionally,
decreased gene flow in adults allowed us to characterize the effects of line fishing
without dispersal masking the effects. We also present a candidate-loci approach to detect
selection in 8 populations of coral trout, allowing us to assess the role of selection in
shaping genetic patterns, and identify SNP loci impacted by fishing. We found evidence
for variation in genetic structure of coral trout and showed fishing had no impact on
neutral genetic diversity, but impacted the average relatedness within populations,
indicating that certain families survive fishing pressure more than others. We also
identified SNP loci under selection likely as a result of fishing pressure, including those
immune, thermal stress, and metabolism genes. We successfully implemented a cohort
approach to assess the effects of fishing in this important species. Overall, we have
shown that both selection and genetic drift shape genetic structure of this exploited fish.
iii
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CHAPTER 1
General Introduction

Climate change
With global climate change causing the Earth to warm rapidly, organisms across
diverse environments are experiencing negative impacts (Walther et al., 2002), including
reductions in reproductive potential (Miller et al., 2015), larval survival (Lo-Yat et al.,
2011), aerobic scope (Pratchett et al., 2013), survivorship (Sun et al., 2015), and social
learning (Ferrari et al., 2012), among others. Such rapid change likely introduces
populations to new selection pressures, which can be especially problematic for species
living close to physiological limits (reviewed by Hoffmann and Sgro, 2011).
Furthermore, species are experiencing many additional habitat changes and other
selection pressures over and above climate change; for example, many natural
populations are simultaneously exposed to habitat fragmentation, species introduction,
exploitation and climate change effects. Although it seems unlikely that many
populations can respond quickly enough to such rising multiple stressors, there are a
number of mechanisms by which extirpation can be avoided, such as phenotypic
plasticity, moving to a different habitat, or evolutionary adaptation (Williams et al.,
2008).

Drivers of evolution
Evolution, defined as a change in allele frequencies, is one mechanism by which
populations can adapt to a changing environment, such as those brought on by climate
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change or any other rapid habitat alteration. This type of evolution, whereby individuals
with a favourable phenotype pass on their genes to the next generation, is the classical
model of evolution by natural selection. Although natural selection is one of the most
commonly discussed drivers of evolution, there are other evolutionary forces including
mutation, genetic drift, and gene flow.
The four drivers of evolution affect the genetic composition of populations in
different ways. Mutation and gene flow will increase the standing genetic diversity within
a population, while genetic drift and natural selection generally tend to decrease the
diversity in populations (Conner & Hartl, 2004). Genetic drift is the random change in
allele frequency within the gene pool of a population generated by stochastic effects in
non-infinite populations and is hence often problematic for small populations (Nei et al.,
1975). However, changes in allele frequencies that result from evolution by natural
selection are not random; such changes are predictable based on favourable phenotypes.
Often, all four drivers are acting on populations simultaneously, and the genetic
composition of a population reflects a balance between the four forces. Therefore, the
evolutionary potential (i.e. the ability of a population to respond to natural selection) is
affected by the direction and strength, as well as interactions, of all drivers of evolution.

Adaptive potential: Phenotypic plasticity and evolution through natural
selection
Adaptive potential can be defined as the ability of a population to respond to
natural selection either through phenotypic plasticity and/or evolution. As outlined in
Figure 1.1, if a population is to persist, it is vital that it harbours some form of adaptive
potential, including phenotypic plasticity and/or evolutionary potential.
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Figure 1.1: Conceptual diagram showing likely population outcomes that result as an
interaction of phenotypic plasticity and evolutionary potential.

Phenotypic plasticity occurs when individuals with the same genotype produce
different phenotypes in varied environments. When the phenotype changes such as to
provide a fitness benefit, it is described as adaptive phenotypic plasticity. This has been
shown to be important for species that are exposed to various stressors such as; exposure
to predators (De Meester, 1996), exposure to heat stress (Smith, Bernatchez, &
Beheregaray, 2013), fishing pressure (Uusi-Heikkila, Savilammi, Leder, Arlinghaus &
Primmer, 2017), among others. Evolutionary adaptation requires that populations
undergo genetic changes that result in phenotypes providing fitness benefits in the
particular environment the populations reside (i.e. evolution through natural selection).
Selection can lead to local adaptation, which occurs when populations respond to
selection to be more fit in their habitat than other environments, leading to the expression
of phenotypes that are advantageous based on their environment, irrespective of fitness
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consequences of the phenotype in other environments (Kawecki & Ebert, 2004). Local
adaptation can result from both phenotypic plasticity (e.g. Larsen, Schulte, & Nielsen,
2011; Schoville, Barreto, Moy, Wolff, & Burton, 2012) and evolutionary changes at
genetic loci (e.g. Coop, Witonksy, Rienzo, & Pritchard, 2010; Lamichhaney et al., 2012)
Different factors can influence the rate of evolution by natural selection, including
selection pressure, effective population size (Charlesworth, 2009), and standing genetic
diversity at functional loci (Barrett and Schluter, 2008).
The effective population size (Ne) is defined as the size of an ideal population that
would lose genetic diversity through drift at the same rate as that of the observed
population (Allendorf, 2008). The value of Ne determines the relative role of natural
selection versus genetic drift in a population; when the effective population size reaches a
value low enough, population evolution is dominated by genetic drift (Charlesworth,
2009). The lower the effective population size, the greater the chance that deleterious
alleles will reach fixation in the population due to genetic drift, increasing the risk of
extirpation (Frankham, 2005; Hare et al., 2011). However, a small effective population
size can be masked by a large census population size (Charlesworth, 2009), which means
that conservation efforts need to consider effective population size in addition to the size
of the census population. As a parameter that integrates both the genetics of a population
and the life history of a species, effective population size is important in determining both
the future viability and adaptive potential of a population (Hare et al., 2011), which is
valuable information for effectively managing populations in rapidly changing
environments.
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Adaptations can result from selection on standing genetic variation or through
selection on new mutations that arise in populations. Since standing genetic variation is
present at the time of introduced selection pressures, it tends to lead to more rapid
evolutionary responses because it is immediately available to be acted upon (Barrett and
Schluter, 2008). This is problematic for exploited populations as reduced population size
can decrease genetic variation within the population (e.g. Smith, Francis, & McVeagh
1991; Perez-Ruzafa et al., 2006; Hauser et al., 2002, among others), causing it to be less
able to respond to natural selection quickly. Therefore, reduced standing genetic variation
at functional loci leaves populations vulnerable to rapidly changing environments, such
as those brought on by climate change (see Planque et al., 2010).

Next-generation sequencing and “omics” in conservation
Despite the power that genetic studies have in conservation, this data is rarely
incorporated into fisheries management decisions (Bernatchez et al., 2017). Although
neutral markers were traditionally used as measures of genetic diversity, this diversity
may not represent genome-wide diversity (He et al., 2016). However, advances in
technology allow us to detect functional genetic diversity through Massively Parallel
(Next-Generation) Sequencing (NGS) and make inferences on the genetic components of
the adaptive potential of populations. Additionally, with increasing computational power
becoming available, research is rapidly shifting to genome-wide studies, which are
important in developing marker panels of single nucleotide polymorphisms (SNPs) that
are useful for addressing a variety of conservation and management questions
(Bernatchez et al., 2017). Such types of data and data analysis (e.g. bioinformatics) are
important for studying the complex traits that likely underlie exploitation responses
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(Therkildsen et al., 2019). On a similar scale, transcriptomics via RNA sequencing has
become important for ecological studies focusing on acclimation and adaptation; for
example, Uusi-Heikkila et al. (2017) used RNA sequencing (RNA-Seq) data to identify
changes in patterns of broad-scale gene expression in experimentally exploited fish.
Although RNA-Seq is typically used for whole genome transcription analyses, it has been
shown to be valuable in identifying functional SNPs to study the adaptive potential of
different populations (Wellband et al., 2018). The advancement of nucleic acid
sequencing technologies provides a method to address complex and important questions
in exploited marine species.

Coral reef ecosystems
Although climate change is a global phenomenon, coral reefs are particularly
sensitive to increasing global temperatures (Walther et al., 2002). In coral reefs, the
principle ecosystem engineers are thermally sensitive scleractinian corals (Jokiel and
Coles, 1990). Structural complexity is very important to coral reef habitats because it
creates microhabitats and refuges, which can reduce the effects of competition and
predation (Crowder & Cooper, 1982). However, with increased frequencies in both coral
bleaching and extreme weather events, there has been a world-wide decrease in coral
cover, leading to a decrease in the number and complexity of coral reef microhabitats
(Graham et al., 2006). In addition, tropical fishes (and hence their associated fisheries)
are more susceptible to changing environments than temperate fishes (Brander, 2007;
Cheung et al., 2009). This is likely because tropical fishes evolved in a relatively stable
thermal environment leading to a narrow range for thermal tolerance (Tewksbury et al.,
2008). Since tropical species may be near the upper limit of this range (Tewksbury et al.,
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2008), slight increases in temperature are expected to lead to substantially reduced
performance (Pratchett et al., 2017). For example, increases in water temperature as small
as 2-4°C can reduce aerobic capacity of some coral reef fishes (Munday et al., 2012).
Therefore, coral reef ecosystems, including the diverse species that use these habitats, are
under threat due to increasing temperatures. This is of particular concern because coral
reefs are both ecologically and economically valuable biodiversity hotspots.
Coral reef ecosystems host extremely diverse organisms; although they take up
only 0.1% of the ocean floor, these ecosystems host more than 25% of marine fish
species (Spalding et al., 2001; Ormond and Roberts, 1997). Coral reefs are also exploited
for fisheries; global yields from these systems are estimated to be worth at least US $5
billion annually (Cesar et al., 2003; Sadovy, 2005) and climate change is threatening
those fisheries and ecosystems. Therefore, conserving these habitats is not only important
ecologically, but also economically, as well as to ensure those that depend on these
harvests can meet basic protein requirements.

Connectivity in reef fishes
Dispersal is an important life-history trait of coral reef fishes, and is related to the
connectivity of populations, which plays an important role in the management of coral
reef fishes (Roberts 1997; Planes, Jones, & Thorrold, 2009; Almany et al., 2017). Despite
a sessile adult stage in many reef fishes (Sale, 1991), connectivity in reef fishes is
generally high, as most species have extended pelagic larval stages with high dispersal
capabilities, increasing levels of gene flow among reefs and across vast distances
(Waples, 1998; Unsworth et al., 2008; Clarke, Munch, Thorrold, & Conover, 2010).
However, elucidating patterns of dispersal within organisms with pelagic larval stages
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remains a challenge because dispersing individuals are difficult to track, and dispersing
behaviour is affected by several factors (Mora & Sale, 2002), such as olfaction and
ambient sound (Montgomery, Tolimieri & Haine, 2001; Gerlach et al., 2006).
Additionally, species differ in their response to environmental cues, meaning that larval
dispersal and settlement—and therefore connectivity—can vary tremendously depending
on the species (reviewed by Mora & Sale, 2002). Although it was once assumed that
pelagic larval duration (PLD) was related to connectivity (Waples, 1987; Doherty et al.,
1995), evidence has accumulated that this is not always the case and that some species
show high retention levels, despite a long PLD (Taylor & Hellberg, 2003; Bay, Crozier &
Caley 2006). These differences make it difficult to draw generalizations on dispersal and
connectivity in coral reef fishes, highlighting the need to investigate the connectivity, and
more broadly genetic structure, of specific populations.
Given the high connectivity among populations of reef fishes and the variable
recruitment of fishes in general (Houde & Hoyt, 1987), studying population dynamics
can be challenging due to interference from new recruits entering the population. As a
result of this variation in recruitment and connectivity, unpredictable patterns in
population genetic structure referred to as “chaotic genetic patchiness” have been
reported in reef fishes (e,g, Lacson & Morizot, 1991; Hogan et al., 2010). Furthermore,
this variation impedes insights on the effects of exploitation because it becomes difficult
to distinguish changes brought on by exploitation from those that occur as a result of
naturally variable recruitment among populations (e.g. Mapstone et al., 2004; Mclean,
Harvey & Meeuwig, 2011). Because adult reef fish tend to remain on reefs after
settlement, there is potential to overcome this challenge of interference from recruits by
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studying specific groups of fish that have already settled upon study reefs. In species with
adult stages that do not make long-range movements, age data determined through otolith
analysis provides the opportunity for researchers to study desired groups (cohorts) of fish
without interference from new recruits (e.g., Bergenius, Mapstone, Begg & Murchie,
2005), including the genetic effects of line fishing on important reef fishes.

Coral trout from the Great Barrier Reef
One genus of notable importance to coral reef fisheries is Plectropomus, a genus
composed of seven species collectively referred to as coral trout. Sexual development of
all but one (P. areolatus; Rhodes et al., 2013) coral trout species includes a sex-change
from female to male (Ferreira 1993, 1995; Heupel et al., 2010). In general, sex ratios
have been found to generally be female biased (up to 14F:1M); however, some
populations may be male biased (up to 3M:1F), although these populations are typically
unexploited (Frisch et al., 2016). Such patterns of sex ratios are expected because
exploitation is size-selective and removes older individuals, which are more likely to be
male given that coral trout are protogynous species (Ferreira, 1993, 1995; Heupel et al.,
2010.). This is important in terms of adaptive potential because a biased sex ratio can
greatly reduce effective population size despite a large census population size
(Charlesworth, 2009), thus reducing the evolutionary potential. Furthermore, it has been
suggested that sequential hermaphroditism in marine fishes can potentially impact genetic
structure due to older individuals (the second sex) typically mating with younger
individuals (the first sex). However, Chopelet, Waples & Mariani (2009) conducted a
literature review and found no evidence to support this expectation of increased genetic
structure in sequential hermaphrodites.
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The most common species of coral trout is P. leopardus, also known as the
common coral trout and/or the leopard coral grouper. This is an iconic fish species that
can be found on Indo-Pacific coral reefs (Frisch et al., 2016) and is the most important
fish in terms of commercial and recreational fishing on the Great Barrier Reef (Leigh et
al., 2014). In addition to being extremely valuable economically, Plectropomus species
are predators and therefore have important ecological roles in the food web. However,
research has shown that P. leopardus experiences declines in aerobic scope, activity, and
survivorship with small increases in temperature (reviewed by Pratchett et al., 2017),
which can cause cascading effects (Graham et al., 2003) and threatens the viability of
populations and the stability of fisheries. Additionally, this species spawns in
aggregations that are predictable in both time and space, which poses a potential risk
because exploitation of these aggregations can lead to massive reductions (Frisch et al.
2016). Furthermore, it has been shown that individuals sometimes migrate to join
spawning aggregations, including those that may occur on different reefs (Zeller, 1998).
Although Plectropomus is an important genus, there has been little research focusing on
their adaptive potential. However, the common coral trout continues to be heavily fished
and this exploitation leaves populations subject to detrimental genetic effects caused by
the harvesting of wild populations (Allendorf et al., 2008).

Thesis objectives
The overall aim of my thesis is to investigate temporal and spatial patterns in
genetic structure of P. leopardus populations on the GBR and how these patterns are
impacted by exploitation. Furthermore, this thesis investigates the relative roles of
genetic drift and natural selection in shaping the genetic structure of coral trout
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populations. To overcome some of the challenges of conducting population genetic
studies in marine fishes, we implemented a cohort approach.
Chapter 2 uses neutral genetic markers to discern population structure of coral
trout on the Great Barrier Reef. Evolutionary potential is measured by estimates of
effective population size and diversity at neutral loci. Diversity is measured and
compared among reefs differing in fishing pressure to determine the genetic
consequences of fishing pressure, both spatially and temporally. Chapter 3 compares
patterns of genetic divergence among populations of a P. leopardus cohort at functional
SNP loci located in candidate genes obtained using an RNA-seq de nova transcriptome
assembly. Divergence at functional loci is then compared to neutral divergence
(estimated in chapter 2 using microsatellite loci). Comparisons of patterns of divergence
are used to identify genes potentially important in the adaptive response to exploitation,
as well as to quantify loci under selection.
These chapters address questions that are important for the design and
implementation of effective management plans including the assessment of both spatial
and temporal variation in genetic structure and how fishing pressure affects these genetic
patterns. Additionally, the results obtained in this study allow us to make inferences on
the evolutionary potential of various populations as well as the identification of genes
undergoing evolution as a result of exploitative selection. These results will be useful in
implementing appropriate restrictions and management plans that promote sustainable
harvesting of coral reef fishes.
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Glossary
Term
Adaptive potential

Restriction site associated DNA (RAD)-seq

Definition
The ability of populations to respond to
stressors through evolution and/or
phenotypic plasticity.
The number of alleles in a population
calculated through bootstrapping a given
number of individuals.
Unpredictable and unstable patterns of
genetic structure.
The movement of individuals away from the
population they originated.
The size of an ideal population that would
experience the same amount of genetic drift
as the population in question.
The ability of a population to respond to
stressors through evolution.
A measure of genetic differentiation between
populations.
The movement of genetic material from one
population to another
A method for partial genome sequencing.

RNA-seq

A method for transcriptome sequencing.

Allelic richness

Chaotic genetic patchiness
Dispersal
Effective population size

Evolutionary potential
Fixation index (FST)
Gene flow
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CHAPTER 2
Spatial and temporal genetic variation in an exploited coral trout (Plectorpomus
leopardus): the effects of exploitation on cohort genetic structure

Introduction
Species from a wide range of habitats are experiencing the negative impacts of
global climate change (Walther et al., 2002). These changes are likely to pose challenges
for individuals and populations, as new selection pressures accompany the environmental
shifts and unpredictable climate patterns. This is problematic for species that are
presently living in environments that are close to their physiological limits (Hoffman &
Sgro, 2011), such as many in tropical habitats. For example, thermally sensitive
scleractinian corals, the principle ecosystem engineers of reef environments, have
experienced increased frequencies of coral bleaching and extreme weather events,
leading to a decrease of coral cover (Graham et al., 2006). These corals provide
microhabitats for many species while providing a refuge for others, reducing the impacts
of competition and predation (Crowder & Cooper, 1982). Therefore, species that rely on
these habitats are indirectly negatively impacted by the effects of climate change.
Additionally, many coral reef fishes are being directly impacted by increasing marine
temperatures; since tropical species evolved in a relatively stable thermal environment,
they typically have a narrow thermal tolerance range (Tewksbury, Huey, & Deutsch,
2008), and slight increases in temperature and CO2 concentrations can lead to reduced
performance (Munday, McCormick, & Nilsson, 2012; Pratchett et al., 2017).
Furthermore, it is likely that exploitation (harvesting) can lead to a reduction in the
resilience of populations to the stress of climate change (Planque et al., 2010). For
example, exploitation can remove specific high-performance metabolic phenotypes,
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leaving populations more vulnerable to climate change effects (Duncan, Bates, James, &
Potts, 2019). Thus, if populations are to persist under conditions of multiple stressors,
they must respond through adaptive behavioural or physiological changes, phenotypic
plasticity, or through evolutionary change.
There are four main evolutionary forces that shape genetic structure among
populations: selection, drift, mutation, and gene flow. These factors may work in
opposing directions and a balance is reached that shapes the genetic make-up of a
population, with the relative role of each of these factors depending upon the specific
populations in question (Mora & Sale, 2002), but also the genetic loci under
consideration (Charlesworth, 2009). In general, mutation rates are low, and although
mutations give rise to all extant genetic variation, they tend to be relevant only over long
time periods. Dispersal is an important life-history trait of coral reef fishes, and is related
to the connectivity of populations, which plays an important role in the management
plans for coral reef fishes (Roberts, 1997; Planes, Jones, & Thorrold, 2009; Almany et al.,
2017). In general, population genetic studies in marine species show that gene flow is
typically high (Waples, 1998; Unsworth et al., 2008; Clarke, Munch, Thorrold, &
Conover, 2010), a pattern generally true for coral reef fishes specifically (Mora & Sale,
2002; Williamson et al., 2016). Although adult coral reef fish tend to be sedentary (Sale,
1991), early pelagic life stages are highly dispersive (e.g. Hepburn et al., 2009). While
dispersal works to make populations more homogenous, there have been examples that
show genetic differentiation despite high marine gene flow in coral reef fishes; for
example, Salas, Molina-Ureña, Walter, & Heath (2010) found that there was subtle
genetic structure in the bicolor damselfish (Stegastes partitus) within Costa Rica-Panama
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reefs, suggesting that populations are at least somewhat isolated. Additionally, Hogan,
Thiessen, Sale, & Heath (2012) found evidence of regular local retention in the bicolor
damselfish. Similarly, Taylor & Hellberg (2003) reported strong genetic differentiation in
populations of a cleaner goby, Elacatinus evelynae, despite a larval pelagic duration of 21
days. Closed (or even partially closed) populations would increase the likelihood that
selection and genetic drift may drive divergent neutral and functional genetic structure
among populations. For example, adaptive divergence has been reported in marine fishes
despite high gene flow (Hemmer-Hansen, Nielsen, Frydenberg, & Loeschcke, 2007),
highlighting the possibility of local adaptation even within these putative “open systems”.
However, high dispersal poses difficulty for studying population differentiation within
coral reef fishes, as new recruits cause a mixing of genotypes each reproductive cycle
(Hepburn et al., 2009). Given that many reef fishes have sedentary adults (Sale, 1991),
individual cohorts of reef fishes may act as closed populations even in the open marine
environment. Therefore, studying cohorts as they age allows researchers to study patterns
of genetic diversity and divergence of “populations” with a lower chance of interference
from gene flow due to larval dispersal or inter-reef movement of adults, with the
expectation that as the cohorts age and hence the “population” has remained isolated for a
longer period of time, genetic effects of selection and drift should become more
pronounced.
Although coral reef fishes may show limited genetic isolation, genetic divergence
can exhibit unpredictable patterns, perhaps reflecting connectivity through stochastic
larval dispersal and variable levels of larval retention (e.g. Hepburn et al., 2009; Hogan et
al., 2010; Hogan et al., 2012). Some marine species have patterns of spatial and temporal
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variation in genetic structure that do not adhere to population genetic models; a
phenomenon referred to as chaotic genetic patchiness, first described by Johnson & Black
(1982). This phenomenon has been observed in various species, including Crown-ofthorns starfish (Acanthaster planci; Nash, Goddard, & Lucas, 1988), sea urchins
(Echinometra mathaei, see Watts et al., 1990; Strongylocentrotus purpuratus, see
Edmands et al., 1996), clams (Spisula ovalis, David et al., 1997), the bicolor damselfish
(Lacson & Morizot, 1991; Hogan et al., 2010), among others. The spatial and temporal
genetic structure variation observed in marine fish species highlights the importance of
characterizing patterns of genetic structure to inform conservation and management
decisions regarding a population’s evolutionary potential and their susceptibility to
environmental and exploitation stress.
Effective population size (Ne), a measure of genetic drift within a population, is
an important parameter because it reflects the relative roles of drift and selection in a
population and responds quickly to inbreeding. (Charlesworth, 2009). Reduced
population Ne is associated with high genetic drift and likelihood of inbreeding, as well as
reduced evolutionary potential of the population. Since marine fish populations typically
have high levels of gene flow (Waples, 1998; Unsworth et al., 2008; Clarke, Munch,
Thorrold, & Conover, 2010), it is expected that these populations also have relatively
high effective population sizes. In addition to selection pressure and N e, standing genetic
variation is important in evaluating the evolutionary potential of a population (Barret &
Schluter, 2008). Populations that harbour high standing genetic variation are typically
better able to respond to selection because there is an increased chance that the favoured
genotypes are present within the population. However, both Ne and genetic variation can
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potentially be reduced through exploitation (Allendorf et al., 2008), and this can
negatively impact the evolutionary potential of harvested populations. For example,
Hauser et al. (2002) used DNA extracted from archived scales to show a significant
decline in Ne in New Zealand snapper combined with a significant loss of neutral genetic
variation at microsatellite loci associated with aggressive harvesting. Similar losses of
genetic diversity due to fishing pressure have been reported for North Sea cod (Gadus
morhua; Hutchinson, Oosterhout, Rogers, & Carvalho, 2003), white seabream (Diplodus
sargus; Pérez-Ruzafa, González-Wangüemert, Lenfant, Marcos, & García-Charton,
2006), and New Zealand’s populations of orange roughy (Hoplosthethus atlanticus,
Smith, Francis, & McVeagh, 1991). Therefore, combined stressors, such as fishing
pressure and climate change, may exceed the evolutionary potential for populations to
adapt, ultimately leading to population decline and possible extirpation.
While general factors that impact marine fish population viability are important to
explore, individual species present specific challenges for conservation and management.
For example, exploited coral reef fishes that are experiencing climate change effects, but
that also undergo sequential hermaphroditism may be the most vulnerable to the genetic
consequences of harvesting. The common coral trout, Plectropomus leopardus, is an
iconic fish species found on Indo-Pacific reefs and undergoes protogynous sequential
hermaphroditism (Frisch et al., 2016). This species is the most economically important
fish on the Great Barrier Reef in terms of recreational and commercial fishing (Leigh,
Campbell, Lunow, & O’Neill, 2014). Additionally, Plectropomus species are among the
top predators within these ecosystems, meaning that impacts on these species may have
cascading effects (Graham et al., 2003). It is thus essential that we characterize the
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genetic structure of this species on the Great Barrier Reef and integrate this data into
management and conservation plans (Palumbi, 2003). Although there have been some
published population genetic studies on Plectropomus, research on this species is limited,
especially given its importance (Frisch et al., 2016). Williamson et al., (2016) used
microsatellite locus-based parentage analyses to examine larval dispersal within P.
leopardus, and found dispersal can be quite extensive, with median dispersal distances
estimated at 190 km. Such high dispersal potential is consistent with the lack of genetic
structure reported in the same study on P. leopardus populations across the Great Barrier
Reef (Williamson et al., 2016). Van Herwerden, Choat, Newman, Leray, & Hillersøy
(2009) found that some P. leopardus populations have source-sink meta-population
dynamics. Furthermore, patterns of recruitment can vary through space and time; for
example, Russ et al. (1996) found one cohort of P. leopardus dominated the population
on two marine reserves on the Great Barrier Reef for at least three years. The economic
and ecological importance of this fish, coupled with its particular vulnerability, highlights
the need to define patterns of gene flow, genetic structure, and genetic diversity, and how
these may be affected by fishing pressure.
The common coral trout has high economic and ecological value and are heavily
exploited and sequentially hermaphroditic. The genetic consequences of exploitation in a
species with such a complex life history remain unknown. In this study, we first use
genetic microsatellite data from four unexploited populations to test for spatial and
temporal genetic variation in genetic diversity and structure, and to estimate effective
population size. Secondly, to determine the effects of line fishing on these species, we
followed a single cohort over three years (ages 3 to 5) from 8 reefs that differ in fishing
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pressure and tested for the effects of exploitation on genetic diversity and structure. Our
results show chaotic spatial and temporal genetic structure makes repeated temporal and
spatial sampling critical when characterizing genetic structure in species such as P.
leopardus. However, analyzing individual cohorts reduces the effects of variable
recruitment source and numbers, making it possible to assess the effects of fishing
pressure on genetic diversity and structure – a critical need for effective management and
conservation. Our data also highlight possible changes in adaptative potential of
populations that are facing pressure from exploitation on a backdrop of climate change.

Methods
Sample Collection
The Great Barrier Reef is the world’s largest coral reef ecosystem and is located
on the eastern coast of Australia (Figure 2.1). As part of a large Great Barrier Reef (GBR)
project designed to test the effect of line fishing on GBR coral reef fishes, coral trout
were collected from multiple reefs and islands across much of the GBR (Mapstone et al.,
2004). The fish were collected using line fishing from reefs located in four spatial
regions: Lizard Island, Townsville, Mackay, and Storm Cay (Figure 2.1). Additionally,
fish were sampled at eight reefs within two sub-regions for a targeted fishing effects
analysis and were categorized as Green (closed to fishing), Blue (open to fishing and
subjected to pulse fishing in 1999) and Manipulated (closed to fishing but subjected to
pulse fishing in 1999) (Figure 2.2). Reefs classified as “Green” act as controls that
provide measures of natural changes in genetic structure. Otoliths were collected from all
sampled fish; however, the age of fish were determined only for the targeted effects of
fishing study, where specific cohorts were selected for genetic analysis. The age of the
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fish was estimated by Mapstone et al. (2004) through otolith analysis. Briefly, the annuli
on the right sagittal otolith were counted and read by two independent readers; if there
was disagreement in the age estimate between the two readers, a third reader examined
the otolith. If the third estimate matched either of the first two, this was the age that was
assigned. If all three readers disagreed, the three readers made a final count together and
if no agreement was reached, the otolith was discarded. DNA was extracted from the
otoliths following the protocol of Heath, Lou, Ovenden, and Begg (2007).
Two groups of DNA samples are included in this study, they are separated into
two related, but separate analyses: 1) spatial/temporal genetic analysis samples and 2)
cohort effects of fishing genetic analysis samples. The spatial/temporal samples include
individuals obtained from 4 reefs, closed to fishing, sampled in 1996 and 2004 (see Table
2.1 and Figure 2.1). DNA samples included in the cohort study include individuals from
a single cohort sampled over three years (1998-2000, ages 3-5) from eight reefs that
differ in fishing pressures (see Table 2.2 and Figure 2.2). The selected reefs included in
the cohort study are located in one of two spatial regions, with each region comprised of
four reefs: two Green, one Manipulated, and one Blue (Figure 2.2). Since long-range and
inter-reef movements are relatively rare in coral trout (Matley et al., 2015; Sumpton et al.,
2008), measures of alpha and beta genetic diversity, as well as patterns of pairwise
relatedness in the cohort study allowed us to assess selection acting on and genetic
changes occurring in these populations over time along with their response to fishing
pressure, with decreased interference of gene flow altering the genetic structure signal.
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Genotyping
Multiplex PCRs of 17 microsatellite loci were performed in 7 µL reactions (see
Appendix A1 for loci included). Each reaction included 3.5 µL of Microsatellite Type-It
Master Mix (Qiagen, Inc., Toronto, ON, Canada), 0.8 µL of water, 0.7 µL of primer pool
(with each primer having a final concentration of 0.2 µM) and 2 µL of sample DNA. The
following cycling conditions (as per manufacturer’s instructions) were used: an initial
denaturation of 95°C for 5 minutes, followed by 28 cycles of 3 step-cycling, including an
initial denaturation of 30s at 95°C, 90s annealing of 57°C, and 30s extension at 72°C,
ending with a final extension of 30 minutes at 60°C. The PCR products were diluted 1:10
and then ligated with next-Generation Sequencing (NGS) adapters and individual sample
barcode sequences in a second (ligation) 20 µL PCR reaction containing: 20mM TrisHCl (pH 8.8), 10mM KCl, 10mM (NH4)2SO4, 2mM MgSO4, 0.1% Triton X‐100,
0.1mg/mL bovine serum albumin (BSA), 200 µM of each dNTP, 200 nM of forward and
reverse primers, 0.5 U of Taq polymerase (Bio Basic Canada Inc., Markham, ON,
Canada) and 10 µL of diluted first-round PCR product. Thermocycling conditions used
for the ligation PCR were as follows: 94°C for 2 minutes, 6 cycles of 94 °C for 30s, 30s
at 60 °C and 72 °C for 60s, followed by 72 °C for 5 minutes. The barcoded products were
pooled, run on an agarose gel, and the bands were excised and cleaned using GenCatch
Gel Extraction Kit (Epoch Life Science Inc.). To assess both the size and concentration of
the products, the pooled amplicons were analysed on a 2100 Bioanalyzer (Agilent
Technologies). The resulting library was diluted to 60 picomolar and sequenced using Ion
Torrent NGS personal genome machine (Thermo Fisher Scientific).
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We used QIIME (Caporaso et al., 2010) to first demultiplex sequence data by
individual sample code, and to then separate sequences into files based on primer
sequences. We used NGS-usat software (accessed at https://github.com/denisroy1/NGSusat) to genotype individuals. This R-based software counts the number of repeat
sequences within each sequence read and generates frequency-based plots based on the
number of reads (y-axis) versus the number of repeats (x-axis). Automatic genotypes
were generated, the peaks (alleles) were visually verified and genotypes were adjusted as
needed. We only included marker loci with a minimum of 5 alleles across all samples and
that were genotyped in at least 18 individuals within a population for further analyses.
Statistical analyses
Spatial/Temporal study
Population genetic diversity
To determine if P. leopardus populations on the GBR differ spatially and
temporally with respect to standing genetic diversity, we estimated genetic diversity at
the individual level. We first calculated individual heterozygosity and generated the mean
heterozygosity across all genotyped loci. We used a linear model with effects for
population (N = 4) and year (1996 and 2004) using the ‘lme4’ v1.1-21 R package (Bates
et al., 2015). We tested for evidence of spatial effects by comparing the full model to a
reduced one without the “population” term and we tested for evidence of temporal
differences by comparing the full model to a reduced model that excluded the “year”
term. Additionally, to test for temporal changes within reefs, we performed exact tests of
population differentiation within reefs across the two time periods using contingency
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tables of allele frequencies implemented in the ‘genepop’ v1.1.7 R package (Rousset,
2008).
Population genetic divergence
To determine divergence among populations in the spatial/temporal study, we
estimated global FST to measure differentiation among subpopulations for both years
separately using Weir & Cockerham’s theta (1984), implemented in the ‘genepop’ v1.1.7
R package (Rousset, 2008). Because estimates of FST can be relatively insensitive to
subtle genetic structure, we also performed pairwise exact tests of population
differentiation using the ‘genepop’ v1.1.7 R package (Rousset, 2008) for populations
within each sampling year. Finally, to determine whether isolation was a function of
distance among reefs, we tested for isolation by distance (IBD) using the ‘adegenet’
package in R (Jombart, 2008), which creates matrices of both pairwise genetic and
geographic distance based on genotypes and reef coordinates and performs a Mantel test.
Effective population size
We used two methods to estimate the effective population sizes (N e) of the four
populations, both of which were implemented in NeEstimator v2.01 (Do et al., 2014): the
first is the linkage-disequilibrium method described by Waples and Do (2008) and the
second is a temporal method described by Jorde & Ryman (2007). The temporal method
requires generation time, which was estimated to be 6 years as the average age of
sampled fish included in the report on the effects of line fishing on the common coral
trout (Mapstone et al., 2004). Given that temporal estimates of N e are based on two time
point datasets, they tend to be more robust than those obtained from the linkage
disequilibrium method. We also estimated Ne of the combined (or panmictic) population
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using both methods by combining genotype data for all four reefs. Comparing estimates
among reefs allowed us to infer patterns of spatial variation, while linkage N e estimates
allowed interpretation of temporal variation.
Cohort Study
Population genetic diversity
To assess the impacts of fishing pressure on the genetic diversity of populations
included in the cohort study, we used the R package ‘diveRsity’ (Keenan et al., 2013) to
first obtain measures of diversity, including heterozygosity and allelic richness. To test
for the effects of spatial region on genetic diversity, we used a linear mixed effects model
using the ‘lme4’ v1.1-21 R package (Bates et al., 2015) with random effects for locus and
fixed effects for spatial region, fishing pressure status, and cohort age. We used
likelihood ratio tests to compare the full model to a reduced model to test for the
significance of terms of interest. We used a second linear mixed effects model to assess
interaction effects; this model was fit with fixed effects for fishing pressure status, cohort
age plus the interaction between cohort age and fishing pressure status, and random
effects for reef and locus. We then used a likelihood ratio test as described above, and,
where effects were significant, we conducted pairwise tests to determine the factor
driving significance using the ‘lsmeans’ v2.30-0 R package (Lenth, 2016).
Furthermore, it is expected that the genetic changes would be more pronounced in
fished populations, as they are more likely to have reduced effective population size as a
result of exploitation. Therefore, genetic changes should increase as the cohort ages and
hence the cohort population size decreases through time. Since genetic changes will drive
changes in allele frequencies over time, we used an exact contingency-table test in the
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‘genepop’ v1.1.7 R package (Rousset, 2008), to test for changes in allele frequency
distributions as the cohorts aged.
Population genetic divergence
As a cohort ages and the population size declines, the magnitude of genetic
change would increase and should be reflected in increases in genetic divergence among
populations. We predicted that populations that experience fishing pressure would
undergo even faster divergence relative to our “Green” reef controls due to greater losses
in cohort size. To determine if patterns of genetic structure varied as the cohort aged, we
calculated per locus FST values for all pairwise comparisons among reefs within each
spatial region as well as across spatial regions for each year using the ‘genepop’ v1.1.7 R
package (Rousset, 2008). These locus-specific FST values represent independent measures
of pairwise divergence. We then grouped the pairwise comparisons based on the fishing
pressure status of the two reefs compared (e.g. Blue/Green, Green/Green, etc.). For
comparisons within spatial regions, we tested for the effects of spatial region using a
linear mixed effects model implemented in the ‘lme4’ R package (Bates et al., 2015). The
model included fixed effects for the type of comparison (e.g. Blue/Green, Green/Green,
etc), age, and spatial region, with locus as a random effect. We tested for significant
effects using a likelihood ratio test to compare the reduced model without the term of
interest to the full model. We then used a second linear mixed effects model with fixed
effects of comparison type, cohort age, and the relative location of the reefs being
compared (i.e. within or across spatial region), and locus as a random effect. The third
linear mixed effects model was used to test interaction effects and was fit with fixed
effects for the type of comparison, cohort age, and type-by-age interactions, and random
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effects for locus. We then used likelihood ratio tests to assess significance of terms of
interest as described above. We then used the ‘lsmeans’ v2.30-0 R package (Lenth, 2016)
to conduct pairwise tests for effects that were significant based on the results from the
linear mixed effects model.
Pairwise relatedness
As individuals age within a cohort, the mean relatedness among individuals is
expected to increase if selection acts to favour certain families (e.g. Hogan et al., 2010).
To determine if population relatedness was changing as the cohort aged, we first used the
‘Demerelate’ v0.9-3 R package (Kraemer & Gerlach, 2017) to estimate pairwise
relatedness among individuals within a population for each of the three age classes within
the cohort. We used two linear mixed effects models implemented in the ‘lme4’ R
package (Bates et al., 2015) to investigate the impacts of fishing pressure and age on
relatedness. The first model included fixed effects for fishing pressure status and age, and
reef as a random effect. The second model included fixed effects for fishing pressure
status and cohort age, and random effects for spatial region and age by fishing pressure
status interactions. We tested for the significance of spatial region by comparing the full
model to a reduced model without the term of interest used the ‘lsmeans’ v2.30-0 R
package (Lenth, 2016) to conduct pairwise tests for effects that were significant based on
the results from the global tests.

Results
In total, we genotyped 1338 individuals, with 450 from the spatial/temporal study
and 888 from the cohort study. Statistical analyses were carried out using 9 loci for the
spatial/temporal study and 8 loci for the cohort study. The following loci were dropped
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from both studies due to low number of alleles across all genotype data: PL05, PL07,
PL11, PL13, PL14, PL15, and Pma191. PL09 was dropped from the cohort study due to
low genotyping success within one of the populations.
Spatial/temporal study
Population genetic diversity
Our likelihood ratio tests showed evidence of spatial and temporal variation in
heterozygosity for the four populations included in the study. We found evidence for
population effects (p=0.00046) and year effects (p=0.034). We found that Reef 21132
had lower heterozygosity than the other populations (Figure 2.3) and that heterozygosity
declined from 1996 to 2004. Additionally, we found that the populations from Reef
18071 (2=40.3, df=18, p=0.010) and Reef 21132 (2=38.6, df=18, p=0.0033) exhibited
significant temporal change in allele frequency distributions from 1996 to 2004.
Population genetic divergence
We found evidence for both spatial and temporal variation with respect to genetic
divergence; however, the patterns of divergence were not consistent (see Table 2.3).
Global FST values were 0.00008 and 0.0048 for 1996 and 2004, respectively. Although
the value for 1996 is low and likely not biologically meaningful, there were some
interesting patterns in the pairwise tests of genetic differentiation. In 1996, the pairwise
FST values ranged from -0.0001 to 0.003 and an exact test of allele frequency
distributions showed significant differentiation between two adjacent reefs (14147 and
18071), consistent with chaotic genetic patchiness (see Table 2.3). In 2004, the pattern
was very different, with higher overall pairwise FST values ranging from -0.001 to 0.0068
and exact tests of allele frequency distribution differences among populations showing
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significant differentiation between three pairs of reefs, but not between the two reefs that
differed in 1996. Finally, IBD analyses showed that the subtle genetic divergence
observed was not a function of distance among the reefs in 1996 (p=0.762; r2=0.048);
however, the opposite was true for 2004 (p=0.042; r2=0.80). These patterns of population
divergence indicate that spatial genetic variation is in fact present among these
populations and that the patterns of divergence vary over time, again, consistent with the
chaotic genetic patchiness previously reported in coral reef fish populations (e.g.
Hepburn et al., 2009; Hogan et al., 2010). It is likely that the “chaotic” nature of the
spatial and temporal variation we observed is at least partly due to sampling mixtures of
genetically distinct cohorts, resulting from waves of variable success recruitment.
Effective population size
We used two methods to estimate effective population size of these four
populations. The goal was to determine Ne, but also to determine whether it varied among
reefs (Table 2.4). Temporal estimates of Ne ranged from 37.0 (28.8-46.2) for Reef 21132
to 1374 (1065-1722) for Reef 14147 (Table 2.4). Estimates obtained through the linkage
disequilibrium method varied widely and included estimates that included infinity within
the 95% confidence interval (Table 2.4). Although it is likely that gene flow and dispersal
biased our estimates, the wide range of mean Ne values indicate that there are differences
among the four reefs. Furthermore, Reef 21132 consistently had the lowest estimates of
Ne. These results emphasize differences among sampled populations and indicates that
some reefs are experiencing more genetic drift than others.
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Cohort study
Population genetic diversity
To determine the effects of age and fishing pressure on genetic diversity, we
measured allelic richness and heterozygosity in the cohorts across the three sampling
years (see Appendix A2 and Figure 2.4). We first used a linear mixed effects model and
likelihood ratio tests to determine if there were significant spatial region effects on
heterozygosity and allelic richness. Because we found no spatial region effects for allelic
richness or heterozygosity, we dropped this term and used linear mixed effects models
and likelihood ratio tests to assess the effects of interest on heterozygosity and allelic
richness in fish from different age groups within cohorts across eight populations (Table
2.5). Although we found no significant effects on allelic richness, we showed that there
were significant cohort age effects on heterozygosity (p=0.0062) and, as expected,
pairwise tests revealed a trend of declining heterozygosity as the cohort aged (Figure 2.5
and Table 2.5). To determine if fished reefs were more likely to undergo genetic changes,
we performed exact tests of allele frequency distribution change and found that 5 of the 8
reefs underwent significant shifts in allele frequency distributions (Table 2.6). These
included all four reefs in the Mackay spatial region and one Green reef in the Storm Cay
spatial region. There was variation in the timing of these shifts, with some reefs
experiencing shifts between ages 3 and 4 as well as 4 and 5 or only between ages 4 and 5.
Population genetic divergence
To test for patterns of genetic divergence among the cohort study populations, we
estimated pairwise FST between reefs differing in fishing pressure status as the cohorts
aged (Figure 2.6). We used three linear mixed effects models to test for effects on cohort
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genetic structure, measured by pairwise FST (results of likelihood ratio tests shown in
Table 2.7). We found significant effects of age and the interaction of the type of
comparison (i.e. fishing pressure status of the reef pairs) and age interactions. Although
we expected that the populations would show more divergence as the cohort, we found
the opposite; as the cohort aged, FST values decreased, despite the presence of fishing
pressure status (Figure 2.7), indicating that the populations became more similar as the
cohort aged.
Pairwise relatedness
We estimated mean pairwise relatedness within the sampled populations to
determine whether there was evidence for non-random mortality (i.e. selection) acting on
each cohort as it aged. Using two linear mixed models and likelihood ratio tests, we
found that both age and status by age interaction effects on the average pairwise
relatedness were significant (see Table 2.9 for results of likelihood ratio tests). Overall,
the average relatedness of the 8 populations showed an increase from age 3 to 4, followed
by a decrease from age 4 to 5 (Figure 2.8 and Table 2.8). In general, the Blue reefs
showed an increase in relatedness as the cohort aged, while Manipulated and Green reefs
had similar patterns with an increase in relatedness from ages 3 to 4, followed by a
decrease in relatedness from ages 4 to 5 (Figure 2.9).

Discussion
We detected both temporal and spatial variation in the genetic structure of P.
leopardus on the Great Barrier Reef. However, the patterns of divergence were indicative
of chaotic genetic patchiness, with unpredictable variation over both space and time
(Johnson & Black, 1982; Hepburn et al., 2009; Hogan et al., 2010). In general, genetic
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differentiation among reefs was low, indicating high levels of gene flow among
populations. The combination of low overall divergence and high spatial and temporal
variation is likely due to recurring recruitment waves of settling juveniles that led to
changing mixtures of population genetic signatures (Johnson & Black, 1984; Selkoe,
Gaines, Caselle, & Warner, 2006; Hogan et al., 2012). In such a high gene flow
environment, using a cohort approach to study population differentiation is valuable
because the sedentary behaviour of adults leads to very little gene flow. Our cohort study
showed that selection acted on the cohort as it aged, but that there were few effects of line
fishing on genetic diversity and population differentiation. However, fishing pressure did
drive a different pattern of pairwise relatedness as the cohort aged, indicating that
different mechanisms of selection were likely acting to drive these changes.
Our spatial/temporal study showed that there is weak genetic structure among P.
leopardus populations on the GBR and this genetic structure changes over time. Previous
studies on common coral trout genetic structure found no evidence of divergence
(Williamson et al., 2016); however, spatial and temporal variation in recruitment patterns
in this species likely leads to differences in genetic population structure depending on
when and where they are sampled. For example, Russ et al. (1996) observed a
particularly strong cohort of P. leopardus that contributed more to the population than
others at their study site. Patterns of variable recruitment can be extremely important in
driving chaotic genetic patchiness, as this patchiness may be caused when a relatively
small number of parental individuals contribute disproportionately to the next generation
(Larson & Julian, 1999). Variable patterns of genetic structure have been reported in
other coral reef fishes as well; for example, one study showed that there was subtle

37

genetic divergence in the bicolor damselfish within the Mesoamerican barrier reef system
(Hogan, Thiessen, & Heath, 2010) despite other studies reporting no evidence of
divergence (Ospina-Guerrero, Landinez-Garcia, Rodriguez-Castro, Arango, & Marquez,
2008). These inconsistencies in reported genetic structure within populations of coral reef
fishes likely reflect high variation in recruitment and local retention (e.g. Hogan et al.,
2012), which highlights the need for spatially widespread monitoring repeated over time.
Interestingly, we saw an increase in population differentiation that followed IBD
patterns in 2004, potentially indicating more restricted larval dispersal than in 1996. In
general, larval dispersal is known to be the main mechanism of connectivity in reef fish,
as adults tend to be sedentary (Sale, 1991). However, stressors brought on by climate
change may impact patterns of connectivity among reefs. For example, Lo-Yat et al.
(2011) found that ocean warming reduced larval survival in tropical reef systems, while
ocean acidification can further inflate larval mortality (Baumann et al., 2012) as well as
alter settlement preferences (Devine et al., 2012). Finally, habitat degradation has been
found to limit recruitment (McCormick, Moore, & Munday, 2010). For example,
Schunter et al. (2019) found that large variation in temperature, and hence pelagic larval
duration, coincided with genetic patchiness in the black-faced blenny (Tripterygion
delaisi). Therefore, climate change and habitat degradation may play a key role in
explaining the variation in reported genetic structure in coral reef fishes (O’Connor et al.,
2007). Given that P. leopardus larvae can disperse over large distances (Williamson et
al., 2016), it is likely that larval survival plays an important role in the connectivity of
these populations, and in turn, their population dynamics and genetic structure.
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We obtained estimates of Ne for the four reefs included in the spatial/temporal
study using both the linkage disequilibrium method and the temporal method. Due to the
high gene flow environment of this system, it is likely that the estimates are either
upwardly or downwardly biased (Wang & Whitlock, 2003). However, particularly low
estimates of Ne relative to the census population were reported for New Zealand snapper
in the Tasman Bay (Hauser et al., 2002), thus our Ne estimates are likely reasonable.
Regardless, our data highlight important trends; for example, Reef 21132 consistently
showed the lowest estimate of effective population size, followed by Reef 18071. We are
more confident in our estimates for the panmictic (combined reefs) population, as these
were based on larger numbers of genotypes. The panmictic Ne dropped substantially from
1996 to 2004, which coincides with a reported decrease in the common coral trout
biomass on the Great Barrier Reef over this time period (Campbell, Leigh, BessellBrowne, & Lovett, 2019). Interestingly, the observed decrease in effective population
size from 1996 to 2004 coincided with an increase in the genetic structure of the sampled
coral trout populations; the high levels of genetic drift acting to reduce N e likely
contributed to the increased genetic differentiation. The change in N e across our two
sampling years is concerning from a conservation standpoint and highlights the
importance of regular genetic assessment of such dynamic reef fish populations to ensure
appropriate conservation and management actions are implemented.
As a cohort ages, it loses genetic diversity through drift and selection, and genetic
divergence among reefs should also increase with age as genetic changes (and selection)
occur, regardless of the presence of fishing pressure. Additionally, fishing pressure
should increase these effects as population size is lowered and the effects of genetic drift
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are amplified (Hoffman, Grant, Forcada, & Phillips, 2011; Rodríguez-Zárate, RochaOlivares, & Beheregaray, 2013). Furthermore, it is expected that as a cohort ages, the
effects of natural selection are more pronounced as populations have been exposed to
selective pressures for a longer period of time, which would be reflected in changes in
pairwise relatedness as certain families survive and others are selected against. Finally,
fishing pressure itself can contribute to selection (Morgan & Colbourne, 1999; Haugen,
& Vollestad, 2001; Barot, Heino, Mogan, & Dieckmann, 2005; Walsh, Munch, Chiba, &
Conover, 2006) and would also tend to increase pairwise relatedness within a cohort.
Our cohort analysis showed that changes in genetic structure and diversity
occurred as the cohort aged. Overall, we found evidence of genetic changes occurring
both within and among reefs. As expected, overall heterozygosity declined as the cohorts
aged, likely due to stochastic changes as the size of the cohort inevitable decreased.
Planes & Romans (2004) reported similar results, with allozyme heterozygosity declining
over time in a single cohort of white seabream, Diplodus sargus. Interestingly, allelic
richness is known to be more sensitive to population size than heterozygosity, but we
found no cohort age effects on allelic richness. This may be due to the specific allele
frequency distributions of the loci studied; for example, if alleles are evenly distributed,
there is less likely to be a loss of alleles as a result of a reduction in the number of
individuals. Allele frequency distributions would be perhaps the most sensitive measure
of genetic drift (and selection). Interestingly, when a reef did experience significant shifts
in allele frequency distribution, there was a shift between ages 4 and 5, indicating that
reef cohorts are more likely to undergo shifts the older the cohort ages. This is not
surprising as genetic drift is more likely to occur in smaller groups of individuals.
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Additionally, we expected that genetic divergence among populations would increase as
the cohort ages as a result of increased genetic changes; however, in our study, the
sampled populations became more similar. Planes & Lenfant (2002) also found this to be
the case within three cohorts of white sea bream (Diplodus sargus) from a single
population. Such a pattern of reduced population differentiation with cohort aging can be
explained by inter-reef movements of adults as they age, causing the populations to
become more similar. However, large-range and inter-reef movements, while reported,
are typically rare in coral trout species (Davies 2000; Sumpton et al., 2008; Matley et al.,
2015), as well as most coral reef fishes in general (Sale, 1991). One alternative is that, as
the cohorts age, selection favours similar genotypes that correspond to related families
across the different reefs. Although our genetic divergence estimates are based on neutral
markers, reduced divergence can reflect linkage disequilibrium with loci under selection.
So, while the unexpected loss of divergence as the cohorts aged could be due to adult
gene flow, it is perhaps more likely that the pattern of reduced differentiation is due to
some form of selection effects. If the pattern of divergence is indeed due to selection
effects, we would predict that there would also be an increase in within population
pairwise relatedness.
Since selective pressures change as individuals age (e.g. Pörtner & Peck, 2010;
Perez & Munch, 2010), we should observe different patterns of pairwise relatedness, as
different families are selected for and against. Thus, as a cohort ages within a population,
mean pairwise relatedness should change to reflect cumulative selection pressures (e.g.
Planes & Lenfant, 2002; Hogan et al., 2010). For example, Planes & Lenfant (2002)
reported significant fluctuations in mean pairwise relatedness in white sea bream cohorts,
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with the direction of change depending upon the specific cohort and the age of the
individuals. We also found that the direction of change in pairwise relatedness varied
depending upon the age of the cohort. Although the changes in direction in relatedness
may be explained by changing selective pressures, it is possible that these patterns may
also be explained by immigration. While increased relatedness as the cohorts age is
consistent with selection reducing the number of families (e.g. Hogan et al., 2010),
decreased relatedness may be explained by immigration (e.g. Planes & Lenfant, 2002).
Although inter-reef movements are thought to be rare for P. leoaprdus (Davies, 2000;
Sumpton et al., 2008; Matley et al., 2015), they have been observed and are typically
associated with spawning aggregations (Zeller, 1998). Furthermore, males are more
likely to make movements to spawning aggregations (Zeller, 1998), implying that this is
characteristic of older individuals of this protogynous species. Therefore, decreases in
relatedness may be explained by increased inter-reef movements as older individuals join
spawning aggregations. This is consistent with decreasing genetic divergence as the
cohorts aged. So, while it is possible that patterns in relatedness are related to changing
selective pressures, it is possible that there are also some inter-reef movements of
individuals occurring as individuals age and are more likely to participate in spawning
aggregations and subsequently stray.
We found no evidence for loss in genetic diversity associated with exploitation
among the coral trout from the eight reefs we sampled. There have been reports of
harvested fish populations being resilient to losses in genetic diversity; for example,
microsatellite analyses showed that a high fishing pressure on a population of squid (Illex
argentines) resulted in no significant loss of genetic diversity (Adcock, Shaw, Rodhouse,
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& Carvalho, 1999). Additionally, we predicted that cohorts on fished reefs would be
more likely to undergo shifts in allele frequencies; however, we found that all the reefs in
the Mackay region and one Green reef in the Storm Cay region underwent significant
shifts in allele frequencies, with no apparent bias towards fished (Blue) reefs. This may
be due to underlying differences among the populations; for example, we have shown
among-reef variability in Ne, and habitat differences may lead to variation that masks the
effects of fishing pressure (Ludwig, Hilborn, & Walters 1993; Mapstone et al., 2004).
Furthermore, such inconsistencies in response to fishing pressure have previously been
reported in this species; P. leopardus populations at the Houtmon Abrolhos Islands in
Western Australia experienced increases in abundance, despite being open to fishing,
while those in protected areas experienced declines in abundance, indicating some level
of resilience to fishing pressure as well as variability in population mortality schedules
(Mclean, Harvey, & Meeuwig, 2011). Despite the prediction that fishing pressure would
act to increase genetic drift and therefore genetic differentiation, we found that fishing
pressure had no effect on genetic differentiation among the sampled populations.
However, it is still possible that fishing pressure is affecting the coral trout on the GBR,
but in different ways; for example, Lenfant (2003) showed that although exploited
populations of the white sea bream (Diplodus sargus) had younger females, there was
little genetic differentiation between protected and unprotected areas.
Fishing pressure should remove certain families from a population, while others
survive, therefore altering the mean pairwise relatedness within a population; for
example, Saillant, Mousseau, & Gold (2003) found that red snapper (Lutjanus
campechanus) in the Gulf of Mexico caught as by-catch in fishing trawls were more
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related to each other than chance alone would predict, indicating that certain families are
more susceptible to exploitation. Given that the Manipulated and Green reefs showed
similar patterns of pairwise relatedness, it is likely that the pulse fishing treatment of the
Manipulated reefs had no effect on the cohort, indicative of some level of resilience to
fishing. This has also been reported in coral trout populations off the west coast of
Australia (Mclean, Harvey, & Meeuwig, 2011). However, underwater visual survey data
for the same populations showed that the pulse fishing did have an impact at the
population level (Mapstone et al., 2004) for Manipulated reefs. Furthermore, in our study,
the pattern of pairwise relatedness differed for the Blue reefs (high fishing pressure),
which showed steady values of relatedness from ages 4 to 5 that was not shown in either
Green or Manipulated reefs. This may indicate that older fish were more likely to be
affected by exploitation, consistent with size-selective harvesting. Such size-selective
harvesting may explain why effects of line fishing were observed in Manipulated reefs at
the population level (Mapstone et al., 2004) but not at the cohort level (this study); the
ages we included in our cohort analyses may be less likely to be impacted by fishing
pressure than older fish in the population. Alternatively, it is possible that the youngeraged fish in the cohort were more affected by exploitation as a result of social learning.
Social learning is an important component of the adaptive response to fishing in the
common coral trout (Leigh et al., 2014), whereby individuals on reefs subjected to
exploitation have acquired the knowledge necessary to avoid the risk of being caught.
However, given that the cohort on Manipulated reefs experienced no effects of line
fishing, despite being naïve to exploitative pressures, it is likely that size-selective
harvesting affecting older individuals is a more likely explanation. Since P. leopardus are
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protogynous, the removal of larger individuals disproportionately removes males and has
the potential to impact sex-ratios, effective population size, and in turn, evolutionary
potential of this exploited species.
In general, coral reef fishes tend to be challenging for population genetic
applications to conservation and management, given their larval dispersal and diverse life
histories. However, reef fishes are experiencing multiple stressors, and it is critical that
these iconic species are conserved for both economic and ecological purposes, and
genetic analyses can provide valuable insights. In this study we focused on a particularly
problematic reef fish species – coral trout are top-predators that are actively exploited
both commercially and recreationally on the GBR, plus they are sequential
hermaphrodites. Here we report spatial and temporal chaotic genetic structure, a pattern
previously reported for other reef fishes, but not for coral trout. Using DNA from knownaged fish we tracked individual cohorts as they aged, allowed us to examine populations
without the confounding effects of new recruits changing the genetic structure of the
“populations”. Furthermore, we have shown that fishing pressure does affect coral trout,
likely through selection, and, given that populations have widely varying N e estimates,
resilience to stressors is likely population-specific, and may be unpredictable, as other
studies on P. leopardus populations have shown (Mapstone et al., 2004; Mclean, Harvey,
& Meeuwig, 2011). Variation in genetic patterns and resilience to stressors needs to be
incorporated into models allowing for the sustainable harvest of coral reef fishes.

Tables
Table 1: Spatial/temporal genetic sample information, including sites, times, and sample
sizes for the common coral trout collected by line fishing on the Great Barrier Reef. Reef
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names are also given as GBRMPA (Great Barrier Reef Marine Park Authority)
identification number. Reefs labeled “U/N Reef” are unnamed reefs. Sample sizes varied
per locus (ranging from 18-62).
Spatial region/Lat,
Long
Townsville
18o30’S, 147o30’E
Lizard Island
o
14 50’S, 145o30’E

Reef

Latitude

Longitude

Glow
Reef
(18071)

-18.528078

147.402557

Surface
area (ha)
884.09

-14.824372

145.523575

199.75

1996
2004

43
54

-20.402145

150.236679

217.62

1996

60

2004

62

1996

61

2004

59

South
Direction
Reef
(14147)
Mackay/Hydrographers
U/N
Passage
Reef
(20142)
20o25’S, 150o15’E
Storm Cay
U/N
o
o
Reef
21 25’S, 151 15’E
(21132)

-21.394354
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151.3279877

1274.19

Year Sample
Size
1996
51
2004
60

Table 2.2: Cohort genetic sample information, including sites, times, and sample sizes for the common coral trout collected by line
fishing on the Great Barrier Reef. Reef status refers to the fishing pressure status of the population: Green reefs are closed to fishing,
Manipulated reefs were closed to fishing, but pulse fished in 1999, while Blue reefs were completely open to fishing and also pulse
fished in 1999. Reef names are shown following identification number. Reefs labeled “U/N Reef” are unnamed reefs. Age refers to the
age of the fish as determined by Mapstone et al. (2004) through otolith analysis. Sample sizes varied per locus (ranging from 18-40).
Spatial
region/Lat,
Long.
Storm Cay
21o25’S,
151o15’E

Mackay
20o25’S,
150o15’E

Reef

Latitude

Longitude

Surface area
(ha)

Reef Status

Year

Age
(years)

Sample size

U/N Reef
(21132)

-21.394354

151.327988

1274.19

Green

Nancy Foster
Reef (21131)

-21.369734

151.36734

1509.91

Green

U/N Reef
(21133)

-21.37825

151.250336

533.41

Manipulated

U/N Reef
(21139)

-21.473095

151.469147

1433.90

Blue

U/N Reef
(20142)

-20.402145

150.236679

217.62

Green

Robertson
Reefs (No 3;
20137)
Bax (20138)

-20.348869

150.096069

327.18

Green

-20.342073

150.197952

6226.06

Manipulated

Boulton
(20146)

-20.468006

150.290543

2065.42

Blue

1998
1999
2000
1998
1999
2000
1998
1999
2000
1998
1999
2000
1998
1999
2000
1998
1999
2000
1998
1999
2000
1998
1999
2000

3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5

30
39
40
40
32
40
27
38
20
40
40
36
40
32
40
40
40
40
40
40
40
40
40
38
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Table 2.3: Pairwise FST values (below diagonal) and p values for exact test of population
differentiation (above diagonal) for four coral trout populations located on the Great
Barrier Reef in two sampling years (spatial/temporal study). Reefs are identified by
numbers assigned by GBRMPA, see Table 2.1. Bolded p values are significant (p<0.05).
1996
Reef
14147
18071
20142
21132
14147
—
0.0077
0.89
0.96
18071
0.003
—
0.24
0.20
20142
0.0016
0.0044
—
0.97
21132
-0.0034
-0.0004
-0.0001
—
2004

Reef
14147
18071
20142
21132

14147
—
0.0047
0.0034
0.0093

18071
0.45
—
0.0034
0.0068
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20142
0.38
0.016
—
-0.0010

21132
0.025
0.0038
0.22
—

Table 2.4: Estimates of effective population size (Ne) for four coral trout populations
included in this study (spatial/temporal study). Reefs are identified by numbers assigned
by GBRMPA (see Table 2.1). Panmictic refers to data obtained by combining genotypes
from individuals from all populations included in the study. Brackets represent 95%
confidence intervals.
Reef
20142
21132
14147
18071
Panmictic

Temporal estimates
242.1 (189.3-301.4)
37.0 (28.8-46.2)
1374 (1065-1722)
172.0 (134.6-213.9)
866.5 (694.0-1057.8)

1996 LD estimate
620.8 (239.3-∞)
443.5 (190.6-∞)
∞ (416-∞)
496.3 (245.1-13390)
907.8 (624.2-1607)

2004 LD estimate
728.3 (258.2-∞)
311.9 (140.6-∞)
∞ (765.0-∞)
428.5 (217.3-4906)
474.1 (370.2-648.0)

Table 2.5: Uncorrected p values obtained from likelihood ratio tests testing for effects of
fishing pressure status on alpha genetic diversity in cohorts from 8 populations on the
Great Barrier Reef. “Fixed” and “Random” refer to the designation of factors, while
“Factor” refers to the specific factor tested. Bolded p values are significant.
Response
Model
Fixed
Random
Factor
df
P
2
value
Heterozygosity
1
Region
Locus
Region
3.72
1
0.053
Age
Age
10.16
2 0.0062
Status
Status
4.10
2
0.13
2
Status
Reef
Age/status
0.72
4
0.95
Age
Locus
interactions
Age/status
Reef
1.48
1
0.22
interactions
Allelic
1
Region
Locus
Region
0.0018 1
0.97
richness
Age
Age
3.27
2
0.19
Status
Status
2.66
2
0.26
2
Status
Reef
Age/status
4.35
4
0.36
Age
Locus
interactions
Age/status
Reef
3.66
1
0.056
interactions
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Table 2.6: Uncorrected p values for tests of changes in allele frequency distributions for
a cohort of coral trout across 8 populations. “Spatial region” refers to the region in which
the reef is located, “Status” refers to the fishing pressure status of the reef, and “Reef”
refers to the identification number assigned to the reef by the GBRMPA (see Table 2.2).
The numbers before “shift” refer to the two age groups that were being compared. Bolded
p values are significant.
Spatial
Status
Reef
3/4 shift
4/5 shift
3/5 shift
region
Mackay
Green
20137
<0.001
0.0024
<0.001
20142
0.15
0.0050
0.13
Manipulated
20138
<0.001
0.0011
<0.001
Blue
20146
0.27
0.031
0.052
Storm Cay
Green
21131
0.044
0.018
0.27
21132
0.28
0.12
0.11
Manipulated
21133
0.72
0.082
0.076
Blue
21139
0.45
0.27
0.76

Table 2.7: Results from likelihood ratio test assessing for significance of effects on
genetic divergence for a cohort across 8 populations. “Fixed” and “Random” refer to the
designation of factors, while “Factor” refers to the specific factor tested. Bolded p values
are significant.
Model
Fixed
Random
Factor
df
P value
2
1
2

3

Type
Age
Type
Age
Location

Locus
Region
Locus

Type
Age
Type/Age
interactions

Locus

Region

1.55

1

0.21

Type
Age

2.25
27.96

3
2

0.52
8.48e-07

Location
Type/Age
interactions

3.24
23.07

1
6

0.072
0.00077
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Table 2.8: Pairwise tests for heterozygosity for the different ages of the coral trout
cohorts combined over all reefs sampled. “Contrast” refers to the two age groups that
were being compared. P values presented are uncorrected and bolded p values are
significant.
Age contrast
P value for
P value for FST
heterozygosity
3/4
0.0065
0.0046
4/5
0.94
<0.0001
3/5

0.0051

0.0136

Table 2.9: Results from likelihood ratio test assessing for significance of effects on
pairwise relatedness for a cohort across 8 populations. “Fixed” and “Random” refer to the
designation of factors, while “Factor” refers to the specific factor tested. Bolded p values
are significant.
Model
Fixed
Random
Factor
df
P value
2
1

2

Status
Age

Reef

Status

0.26

2

0.88

Age

84.9

2

< 2.2e-16

Status
Age

Region
Region
0.97
Status/Age
interactions Status/Age 29.69
interactions

1

0.33

1

5.067e-08
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Figures

Figure 2.1: Map of study sites on the Great Barrier Reef for coral trout populations
included in spatial/temporal study (see Table 2.1). Reef IDs from north to south: 14147,
18071, 20142, 21132.
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Queensland

Mackay

Storm Cay

Figure 2.2: Map of eight study sites within two spatial regions located on the Great
Barrier Reef for coral trout populations included in cohort study (see Table 2.2). Green
reefs are represented by white stars, Manipulated reefs are represented by grey triangles,
and Blue reefs are represented by black circles.

53

Figure 2.3: Mean (± 95% confidence intervals) individual heterozygosity for coral trout
populations sampled at four reefs on the Great Barrier Reef for two sampling years
(spatial/temporal study). “Population” refers to the Reef ID assigned by the GBRMPA,
see Table 2.1. A likelihood ratio test showed significant year and population effects

54

Figure 2.4: Mean (± 95% confidence intervals) genetic diversity estimates for the three
years a cohort was sampled for coral trout from reefs differing in fishing pressure status
(cohort study). “Status” describes the fishing pressure status of the population (see Table
2.2). Likelihood ratio tests showed overall age effects for heterozygosity but not allelic
richness, and no fishing pressure status effects or the interaction between fishing pressure
status and age for either measure.

55

Figure 2.5: Mean (± 95% confidence intervals) heterozygosity estimates for the three
ages sampled across all eight populations of coral trout, showing a general decline in
diversity as the fish aged (cohort study). See Table 2.8 for p values.
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Figure 2.6: Mean pairwise FST values for coral trout cohorts as they aged at sites
differing in fishing pressure status (cohort study). “Type” refers to the type of comparison
being made. GG is the control comparison between two green reefs, GM refers to
comparisons between Green and Manipulated reefs, GB refers to comparisons between
Green and Blue Reefs, and BM refers to comparisons between Blue and Manipulated
reefs.
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Figure 2.7: Mean (± 95% confidence intervals) pairwise FST values for the three sampled
ages across all eight coral trout populations showing a general decline in divergence as
the cohort aged (cohort study). See Table 2.8 for p values.
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Figure 2.8: Mean pairwise relatedness (±95% confidence intervals) for the three sampled
ages across all eight coral trout populations, showing significant variation in relatedness
as the cohort aged (cohort study)

Figure 2.9: Mean pairwise relatedness (±95% confidence intervals) in coral trout
population as the sampled cohort aged in reefs differing in fishing pressure status. The
fishing pressure status of the reefs is indicated at the top of each graph (Blue,
Manipulated, or Green). Letters indicate significant differences within fishing pressure
status.
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CHAPTER 3
Genetic patterns of functional SNP marker variation in the common coral trout
(Plectropomus leopardus): evidence for selection and the effects of line fishing

Introduction
Coral reef ecosystems have both economic and ecological value; however, both
types of ecosystem services are under threat due to climate change and fishing pressure
(Brander, 2007; Cheung et al., 2009). Coral reef ecosystems host diverse fish species,
including more than 25% of marine fish species (Spalding et al., 2001; Ormond and
Roberts, 1997). These fishes are extremely important in structuring their ecosystems, but
also play a vital economic role through both tourism and fishing. For example, total
global yields from coral reef fisheries are estimated to be US $5 billion annually (Cesar et
al., 2003; Sadovy, 2005). Given that many coral reefs are in under-developed regions, the
fisheries also serve to supply basic protein requirements (Bell et al., 2009; McClanahan et
al., 2015). However, not only are some coral reef fishes heavily exploited (Mapstone et
al., 2004), all species in these ecosystems are simultaneously experiencing the negative
impacts of climate change (Brander, 2007; Cheung et al., 2010). The combination of
stressors may result in unsustainable ecosystem pressure, and it is crucial that we
determine the actual effects of these stressors to conserve and effectively manage these
ecosystems and the diverse species they host.
The Great Barrier reef, located off the coast of Queensland, Australia, is the
world’s largest coral reef system. Many fish species on the Great Barrier Reef are
exploited heavily (Sadovy de Mitcheson et al., 2013), leaving these species susceptible to
the negative impacts of fishing pressure. The negative consequences of fish exploitation
have been well documented; for example, Walsh et al. (2006) showed that experimental
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size-biased fishing of large individuals in Atlantic silverside (Menidia menidia) caused
several maladaptive changes including declines in fecundity, food conversion efficiency,
and egg volume. Additionally, other studies have shown reduced body size and age of
maturation resulting from exploitation (Morgan & Colbourne, 1999; Haugen &
Vollestad, 2001; Barot et al., 2005; Edeline et al., 2007; among others). Although many
empirical studies of the phenotypic effects of exploitation exist in the literature, there
have only been a few examples showing genetic effects; for example, Uusi-Heikkila et al.
(2015) showed that experimental fishing in zebrafish (Danio rerio) led to changes in
phenotypic traits including boldness, reproductive investment, and body size – all
accompanied by genetic changes at functional SNP loci. Genetic change was also
reported in genes related to body size as a result of fisheries-induced selection pressures
in guppies (Poecilia reticulata) (van Wijk et al., 2013) and Atlantic silversides
(Therkildsen et al., 2019). Furthermore, harvesting of wild populations tends to reduce
genetic diversity (Pinsky & Palumbi, 2014), leaving populations with fewer favourable
genotypes, and therefore fewer adaptive phenotypes needed to evolve in a changing
environment (Allendorf et al., 2008). As exploitation continues, increasingly impacting
cohorts as they age, the genetic effects should accumulate, with more diversity being lost
as the cohorts age. Furthermore, populations may experience specific selection pressures
as a result of exploitation, and older cohorts are expected to experience greater
cumulative effects of fishing pressure selection. We thus expect to observe the strongest
selection pressure signals at the genomic level in older fish. The effects of both selection
and genetic drift are extremely important for the short- and long-term viability of
populations, and therefore measuring changes in genetic structure in exploited fish
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population as cohorts age may be critically important for effective management through
changes in fishing regulations.
In addition to the stress of fishing pressure, many coral reef fish are also
experiencing negative impacts of climate change, including reduced survival of both
adults (Sun et al., 2015) and larval fishes (Lo-Yat et al., 2011) as well as a loss of habitat
due to coral bleaching (Graham et al., 2006). Coral reef ecosystems are particularly
sensitive to climate change (Walther et al., 2002) as the organisms that live there
typically have a narrow physiological tolerance range for many ecological variables,
likely as a result of their historically stable environment (Tewksbury et al., 2008).
Furthermore, resilience to climate change and fishing pressure are often linked (discussed
by Perry et al., 2010; Planque et al., 2010): exploitation removes high-performance
metabolic phenotypes that are important for adapting to climate change (Duncan, Bates,
James, & Potts, 2019). The potential for the interaction of multiple stressors to impact
fishes on the Great Barrier Reef highlights the importance of quantifying the effects of
single and multiple stressors.
In the past, studies evaluating genetic subdivision in marine species were typically
carried out using neutral microsatellite loci, which are often considered a proxy for
diversity across the genome. However, studies have shown that marine fishes typically
show little divergence at microsatellite loci, but higher divergence at functional gene
polymorphisms that are likely influenced by natural selection. For example, Pampoulie et
al. (2006) found that divergence in Atlantic cod (Gadus morhua) populations at the
functional PanI locus, which has been associated with temperature, depth, and salinity
tolerance (Case et al., 2015), was much higher than that at neutral microsatellite loci
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(FST=0.261 and FST=0.003, respectively). Similarly, Hemmer-Hansen et al. (2007) used a
candidate gene approach and found that European flounder (Platichthys flesus)
populations in the northeastern Atlantic show adaptive divergence at a heat-shock
cognate protein. These patterns of adaptive divergence despite high gene flow in the
marine environment may be explained by the fact that marine fish species typically have
large effective population sizes, and therefore exhibit little genetic drift at neutral loci,
but the high standing genetic diversity allows selection to be effective at functional
genetic loci (Allendorf et al., 2008).
More recently, Restriction-site Associated DNA sequencing (RAD-Seq) has been
implemented to characterize genetic patterns in marine species, including the three-spot
damselfish, (Dascyllus trimaculatus) (Salas, Bernardi, Berumen, Gaither & Rocha,
2019), sea scallops (Placopectin magellanicus) (Van Wyngaarden et al., 2017, 2018), and
various species of corals (e.g. Leydet, Grupstra, Coma, Ribes & Hellberg, 2018; Iguchi et
al., 2019). Such data is extremely valuable in implementing conservation measures
(Andrews, Good, Miller, Luikart & Hohenlohe, 2016), especially with regard to exploited
marine fishes and the conservation of functional variation (see Bernatchez et al., 2017).
Despite mainly being used for studying gene expression, RNA sequencing has also been
used for SNP development and characterization and to detect genetic patterns of local
adaptation in marine species (e.g., Atlantic herring, Clupea harengus; Lamichhaney et
al., 2012). Despite the fact that coral reef fishes make up 25% of all marine species
(Spalding et al., 2001; Ormond & Roberts, 1997), they are generally understudied for
selection signatures at functional gene markers. However, there have been some studies
implementing RAD-Seq in reef fishes to detect signatures of selection; for example,

70

Gaither et al. (2015) used a genome-wide approach to study patterns of speciation in the
Acanthurus genus. RAD-Seq has also been used to characterize genetic structure in
Pterois volitans, the invasive lionfish (Perez-Portela et al., 2018) and patterns of both
local adaptation and speciation within the Hypoplectrus genus (Picq, McMillan, &
Puebla, 2016). Even so, reef fishes typically experience elevated gene flow due to high
larval dispersal and settlement, which results in “genetic swamping” (e.g. Hutchinson et
al., 2003), which may mask selection signals. Therefore, the detection of functional
genetic structure and selection effects requires sampling individuals from a single cohort
of fish as they age to avoid the swamping effect of new recruits. Reef fish are typically
sedentary after reef settlement and hence individual cohorts tend to be closed to gene
flow.
Plectropomus leopardus (the common coral trout) is an iconic coral reef fish
species that occurs throughout the Indo-Pacific. P. leopardus is the main fisheries species
on the GBR, where populations are exploited commercially as part of the Queensland
Reef Line Fishery (Mapstone et al., 2004). As top predators, this species can impact both
community species composition and the abundance of prey fishes (Graham et al., 2013).
Like other coral reef fishes, Plectropomus species respond poorly to elevated water
temperatures, showing reduced aerobic scope (Pratchett et al., 2013), reduced growth and
survivorship (Sun et al., 2015), among other physiological responses (reviewed by
Pratchett et al., 2017). Fishing pressure has been shown to have substantial impact on the
common coral trout; for example, sex ratios in this species are typically female-biased;
however, some unexploited populations are male biased (reviewed by Frisch et al., 2016),
likely due to age-specific capture and the fact that this species is protogynous, undergoing
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a sex-change from female to male as they grow. Therefore, size-selective harvesting of
these populations, which target larger and older fish, tend to preferentially affect males.
This can have serious negative consequences for population dynamics and effective
population size (Allendorf et al., 2008), which complicates management efforts further.
To investigate the role of exploitation-based selection in coral reef fish at known-function
gene loci, we first assembled a liver transcriptome based on RNA sequencing data for P.
leopardus. We used the assembled transcriptome to first identify functional SNP loci
within coding regions of genes of interest, and then to design PCR primers for these SNP
targets. We used up to 27 SNP loci to first identify SNP loci under selection in a coral
trout cohort across 8 populations. We then used 6 SNP loci that amplified consistently
across 3 age groups (3, 4, and 5 years-of-age) and 8 reefs to identify patterns of spatial
and genetic variation in the cohort as it aged. We use this genotype data combined with
previously generated neutral microsatellite loci for the 8 populations to detect selection
signals among populations. In addition to identifying genes potentially important in the
fishes’ response to harvesting, we tested three hypotheses: 1) Fished reefs will show
higher temporal variation in genetic structure and diversity within reefs, as a result of
increased fishing pressure 2) Fished reefs are under greater selection and are therefore
more likely to show selection signals and 3) As the cohort ages, the selection signal will
increase due to cumulative selection pressures. Our results highlight the importance of
functional genetic approaches to genetic monitoring of reef fishes and incorporating a
cohort approach to detect signals of natural selection despite a high gene flow
environment.
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Methods
Sample collection
Samples for population genetics
The Great Barrier Reef, located in the Coral Sea on the eastern coast of Australia,
is home to the world’s largest collection of coral reef ecosystems. Mapstone et al. (2004)
carried out a large-scale experiment to investigate the effects of line fishing (ELF) on the
common coral trout, P. leopardus, on the Great Barrier Reef. Here, we use DNA
extracted from P. leopardus otolith samples obtained during the ELF experiment (see
Table 3.1 and Figure 3.1) from 8 reefs on the Great Barrier Reef over a period of 3
consecutive years (1998-2000). The reefs are situated in two spatial regions, each
containing four reefs, of which two were closed to fishing (designated as Green reefs),
one that was closed to fishing, but subjected to fishing in 1999 (designated as
Manipulated), and one that was open to fishing and also subjected to increased fishing in
1999, similar to Manipulated reefs (designated as Blue). The age of the sampled fish was
determined using otolith section analysis by Mapstone et al. (2004) and DNA was
extracted from the otoliths following the protocol of Heath et al. (2007). The age data
allowed us to select individuals from the same cohort in each of the three years (i.e. age 3
fish in 1998, age 4 fish in 1999, and age 5 fish in 2000). Since inter-reef and longdistance movements of adult fish are relatively rare for this species (Sumpton et al., 2008;
Matley et al., 2015), this allowed us to study a single group of fish over time without
immigration effects, despite a high gene flow marine habitat.
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Samples for RNA sequencing
We used ten P. leopardus for RNA extraction and RNA sequencing. The fish
were collected by hook and line as part of a commercial live fish fishery, with five fish
from the Great Barrier Reef and five from the Torres Strait. The fish were immediately
transferred to aerated live tanks after landing. All fish were transferred to land-based
holding tanks within 10 days of capture and held in the live tanks without feeding for 3-5
weeks. The fish were dipnetted and immediately humanely euthanized and liver tissue
was transferred to RNAlater and held on ice until frozen at -20°C.
RNA sequencing and de novo transcriptome assembly
RNA was extracted from liver tissue of each individual using an RNeasy Mini Kit
(Qiagen), following the manufacturer’s protocol and the samples were shipped to the
Australian Genome Research Facility for sequencing. The ten samples were sequenced
on a single lane for 75 bp paired-end Illumina sequencing.
To remove potentially contaminating rRNA sequences, raw sequences were
filtered against eight default rRNA databases using SortMeRNA v2.1 (Kopyloca, Noé, &
Touzet, 2012) to generate non-rRNA sequences. The non-rRNA sequences were then
quality-filtered using the default parameters with Trimmomatic v0.38 (Bolger, Lohse, &
Usadel, 2014). This filtering step removed poor-quality sequences as well as adapter
sequence that was required for RNA sequencing. These filtered sequences were then
pooled, and de novo assembly of the reference transcriptome was performed with default
parameters using Trinity v2.8.4 (Haas et al., 2013). Quality-filtered reads for each
individual were then mapped onto the de novo reference transcriptome using Bowtie2
v2.3.4.3 (Langmead & Salzberg, 2012).
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SNP Characterization
We first used Picard Tools (accessed at http://broadinstitute.github.io/picard/) to
sort bam files and add unique read group and sample IDs to each sample file. To identify
single nucleotide polymorphisms (SNPs) within transcripts, we used FreeBayes (Garrison
& Marth 2012), which is a Bayesian haplotype-based variant detector. This software
detected nucleotide variants among the aligned files obtained from Bowtie2. After
variants were characterized, we used the Trinotate pipeline to annotate genes to gene
name and function. To characterize the detected SNPs within the open reading frames of
the assembled transcripts, we used Genemark S-T (Besemer, Lomsadze, & Borodovsky
2001), followed by SNPEff (Cingolani et al., 2012) to determine the coding nature of
each SNP (i.e. missense, synonymous, etc.). We targeted different types of SNPs,
including those that were missense mutations, synonymous mutations, and those located
upstream and downstream of the gene of interest. We used Lemons software (Levin et al.,
2015) to predict intron-exon splice-junctions within assembled transcripts, allowing us to
target SNPs that were far enough from splice sites to amplify genomic DNA without
intron interference.
We selected 192 SNP loci in genes that are expected to be involved in adaptive
processes in coral trout on the Great Barrier Reef, these included genes associated with
metabolism, immune response, stress, as well as genes potentially involved in the sexchange process of sequential hermaphrodites. We designed PCR primers based on the
DNA sequences flanking the SNP using default settings on Primer3 v4.1.0 (Untergasser
et al., 2012). Adapter sequences were added to the 5’ end of the forward
(ACCTGCCTGCCG) and reverse (ACGCCACCGAGC) primers to allow the addition of
sequencing adaptors and barcodes. Primer sets were then tested in 12.5 µL reactions
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containing: 20mM TrisHCl (pH 8.8), 10mM KCl, 10mM (NH4)2SO4, 2mM MgSO4, 0.1%
Triton X‐100, 0.1mg/ml bovine serum albumin (BSA), 200 µM of each dNTP, 200 nM of
forward and reverse primers, 0.5 U of Taq polymerase (Bio Basic Canada Inc., Markham,
ON, Canada), and 0.5 µL of genomic DNA. The DNA was amplified using the following
thermocycling conditions: one minute at 95°C followed by 32 cycles of 95°C for 30s,
annealing at 58°C for 30s, 30s extension at 72°C, followed by a final elongation at 72°C
for 5 minutes. Primer sets that did not produce a band or that produced a band that was of
unexpected length were not included in multiplex reactions, while those that produced
bands of appropriate size were used for genotyping (see Appendix B3).

Genotyping
Of the 192 primer sets tested, 80 showed bands of the expected size. We
amplified these 80 SNP loci using DNA from individuals included in the cohort study
using four separate multiplex PCR reactions, with each reaction containing primers for 20
loci. The SNPs were amplified in 7 µL reactions containing 3.5 µL of Multiplex PCR
Plus Mastermix (Qiagen, Inc., Toronto, ON, Canada), 0.7 µL of the primer pool, 0.8 µL
ddH2O, and 2 µL of genomic DNA. The following thermocycling conditions were used:
95°C for 5 min followed by 28 cycles of 95°C for 30s, 58°C for 90 s, and 72°C for 90 s,
followed by 68°C for 10 min. PCR products were diluted 10-fold and individual barcode
and adaptor sequences were ligated to each amplicon to identify the individual sample
and allow sequencing using a second 20 µL volume PCR reaction. The second PCR
reaction consisted of the following: 10mM (NH4)2SO4, 2mM MgSO4, 0.1% Triton X‐
100, 0.1mg/ml bovine serum albumin (BSA), 200 µM of each dNTP, 200 nM of forward
and reverse primers, 0.5 U of Taq polymerase (Bio Basic Canada Inc., Markham, ON,
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Canada), and 10 µL of diluted multiplex PCR product. Thermocycling conditions used
for the barcoding PCR were as follows: 94 °C for 2 minutes followed by 6 cycles of 94
°C for 30s, 30s at 60 °C and 72 °C for 60s, followed by 72 °C for 5 minutes. The
barcoded products were pooled, gel extracted and cleaned using the GenCatch Gel
Extraction Kit (Epoch Life Science Inc.). To assess both the size and concentration of the
products, the pooled amplicons were analyzed on a 2100 Bioanalyzer (Agilent
Technologies) and diluted to 60 picomolar. The diluted library was then sequenced using
Ion Torrent NGS personal genome machine (Thermo Fisher Scientific).
Sequence files were first demultiplexed by barcode sequence using Barcode
Splitter from the FASTX Toolkit (available online at
http://hannonlab.cshl.edu/fastx_toolkit/index.html) and adapter sequences were removed
from reads using CUTADAPT v1.11 (Martin 2011). The resulting sequences were
mapped to the reference transcriptome sequences using BWA v0.7.12 (Li & Durbin
2009) and FreeBayes software (Garrison & Marth 2012) was used to genotype
individuals at the target SNP loci. Individuals were sorted by age within a cohort and we
included all SNP loci that were genotyped in at least 70% of the individuals for that
specific age.
Statistical analyses
Standing genetic diversity
As a cohort ages and decreases in size, it naturally loses standing genetic
diversity. Additionally, because reefs differing in fisheries management status are
exposed to different levels of fishing pressure, it is expected that populations
experiencing higher fishing mortality would have different patterns of change in
heterozygosity than those that do not experience these pressures. Furthermore, those
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differences would become more pronounced in older fish, as older age groups have been
exposed to fishing pressures over a longer period of time and are subjected to increased
genetic changes and accumulated fishing-related selection. To assess the effects of
fishing pressure and age on cohort heterozygosity, we used the loci that amplified within
all three age groups across the 8 reefs (Table 3.2) to first estimate the observed
heterozygosity for each population using the ‘adegenet’ R package (Jombart 2008). We
then ran linear mixed effects models using the ‘lme4’ v1.1-21 R package (Bates et al.,
2015) and used likelihood ratio tests to assess the significance of terms of interest by
comparing a reduced model without the term of interest to the full model (see Table 3.3
for model summaries). We first tested for the effects of spatial region by fitting a linear
mixed effects model with spatial region as a fixed effect and locus as a random effect.
Because “spatial region” was not significant in the first model, it was dropped from
further models. The second model included fixed factors for fishing pressure status and
age, and random effects for reef and SNP locus. The further models included interaction
effects that reflect specific hypotheses of interest. The third model was fit with fixed
effects for age, fishing pressure status and reef by age interactions, and random effects for
locus and reef, and a fourth model was fit with locus and reef as random effects and fixed
effects for age, fishing pressure status, and status by age interactions. We tested for the
interaction effects using a likelihood ratio test as described above.
Since the size of a cohort inevitably decreases as the cohort ages, the cohort will
undergo increased loss of genetic diversity over time. To determine if the sampled
populations were undergoing changes in allele frequencies, we used an exact
contingency-table test in the ‘genepop’ v1.1.7 R package (Rousset 2008), to test for shifts
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in allele frequency distributions of the gene SNPs that were successfully genotyped
across the 3 cohort ages. We assessed significance of tests following the FDR correction
of Benjamini and Hochberg (1995) and report the proportion of loci within each
population that showed significant shifts. To further explore the pattern of allele change
among our sampled populations, we first log-transformed the proportion of loci that
showed significant shifts and used two linear mixed effects models implemented in R
using the ‘lme4’ v1.1-21 package (Bates et al., 2015) to test for the effects of fishing
pressure status and age on the proportion of loci that underwent significant shifts in allele
frequency (see Table 3.5 for model summaries). The first model included fixed effects for
fishing pressure status and cohort age, and spatial region as a random effect. The second
model was used to assess the significance of fishing pressure status by age interactions;
this model was fit with fixed effects for fishing pressure status and cohort age and
random effects for spatial region and status by age interactions. We then used a
likelihood ratio test by comparing a reduced model without the term of interest to the full
model. To determine the nature of the allele frequency changes, we calculated allele
frequencies for all SNP loci for each age group within each population.
Population genetic divergence
In this study, we used previously generated microsatellite genotype data (see
Chapter 2) as neutral control markers for genetic drift; if functional SNP loci are under
selection, genetic patterns of divergence should be different from those generated by
neutral microsatellite loci. On the other hand, if the SNP loci are primarily evolving by
genetic drift, the divergence patterns should be similar to those of the neutral
microsatellite loci. We first used the ‘mmod’ R package (Winter 2012) to obtain pairwise
estimates of Hedrick’s G’ST (using all 8 microsatellite loci) among all 8 populations;
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however, we calculated G’ST separately for each of the three cohort ages. Hedrick’s G’ST
is similar to other population divergence measures such as FST and GST; however, G’ST is
standardized to correct for differences in mean locus heterozygosity commonly seen
among different types of markers (Hedrick 2005). Thus, G’ST allows direct comparisons
of divergence from highly polymorphic microsatellite loci (multi-allelic; high
heterozygosity) to divergence calculated using SNPs (di-allelic; low heterozygosity). We
used the microsatellite estimates of G’ST to calculate 99.5% confidence intervals that
would act as a “neutral range” of divergence (i.e. likely due to genetic drift); SNP loci
that show G’ST values outside of this range were identified as likely showing evidence for
selection. Specifically, SNPs that showed G’ST values higher than the upper limit of the
neutral range were classified as undergoing diverging selection, while those that fell
below the lower limit were identified as undergoing stabilizing selection.
To explore genetic divergence among the sampled populations in greater depth,
we calculated pairwise divergence, then grouped those comparisons into 6 different
categories based on the fishing pressure status of the two reefs being compared:
Green/Green, Green/Blue, Green/Manipulated, Blue/Manipulated, Blue/Blue, and
Manipulated/Manipulated. We predicted that reefs that experience high levels of fishing
pressure should show more divergence from control reefs (Green) than pairwise
comparisons among the Green reefs. Conversely, reefs similar with respect to fishing
selection pressures should show higher amounts of stabilizing selection than those that
experience different types of selection pressure. We first determined the direction and
strength of selection by subtracting the G’ ST at functional SNP loci from the G’ ST at
neutral loci; SNPs with a negative difference may show stabilizing selection while those
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with a positive difference may show diverging selection. Furthermore, the greater the
magnitude of the difference, the stronger the selection signal. Note that the ΔG’ST value is
only meaningful if it is greater than the 99.5% confidence interval for that comparison.
To assess the temporal and fishing pressure effects on selection strength, for loci
that amplified in all age groups, we calculated the difference between the pairwise G’ ST
(ΔG’ST – see above) and because we were interested in the magnitude of selection (not
the direction), we used the absolute value of the difference. We first included only
pairwise comparisons within spatial regions to test if there was a difference in the two
regions by fitting a linear mixed effects model with fixed effects for the type of
comparison (i.e. the fishing pressure status of the two reefs making up the pairwise
comparisons), age of the sampled fish, and spatial region and random effects for locus.
We used a likelihood ratio test to test for the significance of spatial region by comparing
a reduced model without the spatial region term to the full model. Because we found no
significant effects of spatial region on the strength of selection, we included all pairwise
comparisons, including those that spanned the two spatial regions, in further models. We
then used two linear mixed effects model to determine the effects of age and fishing
pressure in more detail (see Table 3.6 for model summaries). The first model included
fixed effects for comparison type, cohort age, and random effects for relative location of
reef pairs (i.e. within or across spatial region) and SNP locus. The second model was to
assess the interaction of comparison types and cohort age; this model was fit with fixed
effects for comparison type, cohort age, and the interaction of the two, plus locus as a
random effect. We then used likelihood ratio tests to assess the significance of the terms.
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To assess the magnitude and direction of selection for each locus in more detail,
we used the loci that amplified consistently across all three sampling ages. For each locus
separately, we fit linear mixed effects models with fixed effects for cohort age and
comparison type (i.e. the fishing pressure status of the two reefs being compared) and
random effects for reef pairs. We then used likelihood ratio tests to assess the
significance of terms of cohort age and comparison type by comparing a full model to a
reduced model without the term of interest. Where effects were significant, we used the
‘lsmeans’ R package (Lenth, 2016) to conduct pairwise tests.
Using all SNP loci, we determined the number of loci (genes) undergoing
stabilizing versus diverging selection for each type of comparison, with reef pairs used as
replicates. Since Manipulated/Manipulated and Blue/Blue comparisons had no replicates,
we did not include them in this analysis. To account for differences in the number of SNP
loci that were included in each pairwise comparison (due to differences in genotyping
success), we calculated the proportion of SNPs that showed patterns of diverging
selection and the proportion of SNPs undergoing stabilizing selection. We predicted that
the reefs that were most heavily fished (i.e. Blue reefs) would show higher levels of
selection pressure (i.e., more loci under selection) relative to the Green reefs. We used
three models to test for effects on the proportion of loci under selection. The first model
was to test for spatial region effects on the proportion of loci undergoing selection; the
data included only included pairwise comparisons that occurred within spatial regions.
This linear model included effects for the type of pairwise fishing pressure status
comparison (e.g. Green-Green or Green-Blue), cohort age, and spatial region. We tested
for spatial region effects by comparing a reduced model without that term to the full
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model to determine if region was a significant factor in the level of selection. Because we
found no region effects for either type of selection, this factor was dropped from further
models, and further models included data from all pairwise comparisons, including
within and across spatial regions. The second linear mixed effects model included fixed
effects for the type of pairwise fishing pressure status comparison (e.g., Green-Green or
Green-Blue), the age of the fish, and the relative location of the reefs being compared
(i.e. within region or among region), with random effects for reef pairs. Finally, we used
a third linear mixed effects model to test for age by comparison type interaction effects;
this model included fixed effects for comparison type by age interactions as well as
relative location as a random effect. We tested the significance of each effect using a
likelihood ratio test by comparing a reduced model without the term of interest to the full
model. To determine the amount of divergence at the reef level, we averaged the pairwise
G’ST for each comparison pair made with that specific reef.
To identify genes that potentially play a role in the adaptive response to fishing
pressure, we used the loci that amplified in all three sampling years across all eight reefs
to compare patterns of selection for the different types of comparisons. We then
identified the unique SNPs in fished populations that were not under selection in the
control—i.e. SNPs that were under selection in comparisons in which one reef was Blue
or Manipulated but not in Green/Green comparisons were identified as potentially
important in response to fishing pressure. We did this for each age group separately to
determine how genetic patterns at these candidate loci changed as the cohort aged.
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Results
RNA-Seq and SNP development
We obtained 371 million paired-end reads from the RNA sequencing and used
this to successfully assemble a high-quality transcriptome and identify functional SNP
loci for P. leopardus (see Appendix B1 and Appendix B2 for summary statistics). Of the
192 primer sets we designed, 80 primer sets resulted in amplicons of the expected size
and were included in the multiplex reactions for genotyping the fish (see Appendix B3).
Of those 80 loci, we were able to successfully genotype individuals at 26 loci in the age 3
group, 22 loci in the age 4 group, and 27 loci in the age 5 group. Of these loci, 6
amplified across all the three ages. We believe that the variation in amplification success
was due to a combination of DNA quality, DNA quantity, and amplification interactions
within multiplex PCR reactions.
Standing genetic diversity
Using the six loci that amplified across all three age groups (see Table 3.2), we
calculated SNP locus heterozygosity within each population and for each age group.
Heterozygosity ranged from 0.14 to 0.27 for the functional SNP loci (see Figure 3.2) and
these values tended to be similar across reefs and across age groups. The populations
subjected to different fishing pressures showed little variation, with our linear mixed
effects models showing no significant effects on heterozygosity for any of the factors we
tested (spatial region, fishing pressure status, reef, age, age by status interactions, reef by
age interactions; see Table 3.3). While low levels of variation in heterozygosity across
the different reefs is unsurprising, as heterozygosity is an insensitive measure of diversity
(Allendorf, 2008), the lack of change as the cohorts aged was unexpected as losses in
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standing genetic diversity due to drift and changes associated with exploitation were
expected to be substantial.
To determine if exploited reefs are more likely to undergo evolution (i.e. change
in allele frequency over time), we tested for shifts in allele frequency distributions as the
cohort aged and calculated the proportions of SNPs that showed significant changes (see
Table 3.4). Using linear mixed effects models, we found no significant effects for any of
the factors tested (fishing pressure status, cohort age, spatial region, status by age
interactions; see Table 3.5) on the proportion of loci that showed significant changes in
allele frequency, indicating that allele frequency changes across our SNP loci occurred
equally spatially, temporally, and in all reef types. To visualize the allele frequency
changes as the cohorts aged, we calculated the allele frequencies within each reef across
the 3 cohort ages and found high and unpredictable variation in the nature of the changes
with respect to fishing status (Figure 3.3).
Population genetic divergence
We quantified selection strength and direction by calculating the difference
between neutral and functional G’ST (ΔG’ST). We were able to characterize patterns of
selection at SNPs located in genes involved in apoptosis, heat stress, immune function,
metabolism, oxidative stress, response to hypoxia, and the sex change that coral trout
undergo (see Figure 3.4). Among loci, both the strength and direction of selection varied
depending upon the reefs being compared, with some reefs undergoing stabilizing or
diverging selection. Furthermore, the strength and direction of selection at specific SNP
loci varied depending upon cohort age.
To analyze temporal and spatial genetic patterns, we used loci that amplified
across all three sampling ages; the details of the six loci that we included in these
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analyses are given in Table 3.2. We first used a linear mixed effects model to test for
spatial region effects on the selection strength of loci. Because we found that spatial
region was not significant (2=1.11, df=1, p=0.29), we included all pairwise comparisons
in the next analysis. We used a linear mixed model and likelihood ratio tests to assess the
effects of cohort age and fishing pressure on selection strength. Our linear mixed effects
model showed significant locus and age effects (see Table 3.6), but no fishing pressure
effects, despite our prediction of increased selection strength in fished reefs. Because we
found significant locus effects, we examined each locus in more detail using linear mixed
effects models. We found significant age effects for all 6 loci, and no effects of the
fishing pressure status of the two reefs comprising the pairwise comparisons (see Table
3.7). Pairwise tests revealed that all loci showed changes in selection strength as the
cohorts aged, with patterns of selection strength varying depending upon the locus being
examined (Figure 3.5, see Appendix B4 for p values).
Using all SNP loci that successfully amplified, we found that a relatively high
proportion of tests for selection showed diverging selection (average of 34.3% per reef
pair) or stabilizing selection (average of 41.3% per reef pair), with consistent patterns
across all three age groups (see Figure 3.6), indicating that selection likely plays an
important role in shaping genetic structure at our selected functional loci across the eight
populations we studied. We expected that reefs experiencing elevated fishing pressure
would show higher levels of selection than other reefs; however, using linear mixed
effects models and likelihood ratio tests, we found no significant effects of fishing
pressure status on any measures of proportion of genes under stabilizing or diverging
selection (Table 3.8). Additionally, we expected that the proportion of loci under
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selection would change as the cohort aged, however, we found that cohort age was not
significant. These findings indicate that an increase in the proportion of loci under
selection is not associated with changing age or varying fishing pressure. Furthermore,
we found that while some reefs showed similar levels of divergence, there were specific
populations that showed higher divergence than others (see Figure 3.7).
By comparing the SNP loci that showed unique selection signals in different types
of comparisons, we were able to identify SNPs that are potentially important in response
to fishing pressure, as well as how the pattern of unique SNPs changed as the cohort aged
(see Table 3.9). We identified 4 SNPs that showed stabilizing selection (SNP_119,
SNP_130, SNP_138) and 3 SNPs that showed diverging selection (SNP_130, SNP_138,
and SNP_140) potentially as a result of fishing pressure; however the patterns of these
effects varied with age (see Table 3.9). These SNPs are in genes involved in immune
response, metabolism, and response to heat stress. Clearly not only does the magnitude,
but even the direction, of selection at these selected six loci varied as the cohorts aged. In
general, SNP_138 (located in a gene coding for large proline-rich protein BAG6)
appeared to be important at all cohort ages sampled, while other genes appeared to play a
significant role only at certain ages, highlighting the gene-to-gene variation in the timing
and nature of selection.

Discussion
In this study we were able to track changes in the genetic structure of a coral trout
cohort as it aged, thus avoiding the confounding effects of the high gene flow that is
common in open marine environments, especially coral reefs (e.g. Unsowrth et al 2008,
Saenz-Agudelo, Jones, Thorrold, & Planes 2011, and reviewed by Mora & Sale 2002).
Despite no evidence for a loss of heterozygosity as the cohort aged, we found evidence
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for allele frequency changes associated with both diverging and stabilizing selection. In
this study, we demonstrated that fishing pressure leads to selection at specific candidate
loci, but the direction and strength of the selection depended upon the age of the fish.
Furthermore, we found that fishing pressure likely affects genes that impact phenotypes
important for adapting to an environment putting thermal stress on individuals.
Given that the number of individuals that make up a cohort decreases as the
cohort ages and dies off, one would expect that standing genetic diversity would decrease
as a cohort ages due to random processes alone; however, we found no evidence for any
consistent change in heterozygosity across all eight cohorts we studied. Planes & Romans
(2004) showed that allozyme heterozygosity declined over time within a single cohort of
Diplodus sargus. Indeed, we demonstrated that neutral (microsatellite) locus
heterozygosity declined as coral trout cohorts aged (see Chapter 2). Conversely, Lenfant
and Planes (2002) studied ten year-classes within a single population and demonstrated
that as cohort abundance increased, the heterozygosity at allozyme markers decreased.
This variation in the reported relationship between cohort abundance and standing
genetic diversity may reflect the specific characteristics of the marker loci used (e.g.,
allozyme variation may have fitness effects; see Borrell et al., 2004) hence variation in
diversity may reflect drift, selection or a complex combination of the two. Neutral
markers may show a decline in standing genetic diversity as cohort abundance declines
and the absence of such a pattern with functional diversity may reflect stabilizing
selection maintaining the alleles.
In general, exploitation of fish populations should lead to a loss of genetic
diversity, including allelic richness and heterozygosity due to accelerated drift alone
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(Allendorf, 2008). Such a loss of diversity has been reported at neutral loci in populations
of New Zealand Snapper (Hauser et al., 2002) and North Sea cod (Hutchinson et al.,
2003) as well as at functional loci in orange roughy populations off the coast of New
Zealand (Smith, Francis, & McVeagh, 1991). However, there have also been studies in
which no loss of diversity was observed, despite high levels of exploitation (Adcock,
Shaw, Rodhouse & Carvalho 1999; Chapter 2 of this thesis). Here, we also found no
statistically significant loss of heterozygosity associated with fishing pressure at 6 SNP
loci in gene coding regions. This may be the result of selection maintaining allelic
diversity at the functional SNP loci we used, as has previously been suggested for
specific SNP loci in coral trout populations on the Great Barrier Reef (Harrison et al.,
2017), or it may be due to heterozygosity being relatively insensitive to exploitation
relative to other measures of genetic diversity (Allendorf, 2008). The latter explanation is
likely, given that we also saw no effects of fishing pressure on neutral genetic diversity
for the same fish (see Chapter 2).
Although our results showed that a relatively high proportion of loci showed
selection signatures, many studies report only a minority of functional locus marker loci
to be under diverging selection. For example, an anonymous approach to identifying loci
under selection in the Acanthurus genus found that of 3737 SNP loci characterized, 1791
(48%) were under balancing selection, while only 59 (1.6%) were under diverging
selection (Gaither et al., 2015). Although we found similar levels under stabilizing
selection, we found a higher proportion of loci that showed diverging selection. However,
Gaither et al. (2015) used RAD-seq, which is random with respect to SNP location and
function and is therefore less likely to detect a high proportion of loci under diverging
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selection. However, studies that used a more targeted approach, in which all tested SNP
loci fall within functional genes also tend to report a relatively low number of SNP loci
are undergoing diversifying selection. For example, Wellband et al. (2018) used a
targeted approach to identify SNP loci within known-function genes that were
experiencing diverging selection and found that only 10% of the tested SNP loci showed
evidence of diverging selection. Similarly, Limborg et al. (2011) also used a targeted
approach to assess genetic divergence patterns based on transcriptome-derived SNP loci
in Atlantic herring (Clupea harengus) populations, and found that of 281 SNP loci, only
16 (5.7%) were outliers consistent with patterns of diverging selection. The very high
proportions of SNP loci under diverging selection suggests that coral trout on the Great
Barrier Reef must be experiencing unexpectedly high levels of selection. However, the
discrepancies between our study and those outlined above may be explained by the fact
that we examined individual cohorts, not mixed aged populations. Because cohorts
experience cumulative effects of selection and it is expected that gene flow as a result of
inter-reef movements is limited, it is likely that using a cohort approach for detecting
selection may be more sensitive, allowing us to detect selection at many functional loci.
We found that the strength of selection varied across SNP loci as the cohort aged.
These differences may reflect varying selection pressures that cohorts face as individuals
age. Similar examples of age-specific selection have been reported in the literature (e.g.
Mueller, Graves, & Rose, 1993; Caley, 1998; Law, 2000). For example, younger life
stages tend to be more vulnerable to stressors caused by climate change (Portner &
Farrell, 2008). Additionally, Perez and Munch (2010) conducted a literature review and
found that there was high selection for size in early life stages in fish, but this selection
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decreased over time. These results highlight the importance of studying age groups
separately when assessing selection effects.
High levels of selection and the variation in the levels of selection among reefs
likely reflects processes of local adaptation. This is further supported by functional SNP
loci showing different patterns of both stabilizing and diverging selection depending
upon the populations being compared. Due to the high dispersal rates of marine
organisms, it is thought that phenotypic plasticity plays a large role in local adaptation in
marine fishes (Warner, 1997). However, there is evidence of local adaptation even in
marine fishes, despite an open environment with high connectivity (e.g. Lamichhaney et
al., 2012; Barth et al., 2017; Xu et al., 2017) and it is likely that there are selection effects
causing populations to differ from neutral expectations in this study as well. This
explanation is further supported by genetic evidence for local retention in reef fishes (e.g.
Taylor and Hellberg, 2003); local retention occurs because individuals that are more
adapted to their native environment are more likely to thrive there than individuals that
migrate into the habitat. The high levels of larval dispersal reported by Harrison et al.
(2012) in Plectropmus maculatas, would suggest that local retention is unlikely;
however, we found evidence for genetic structure in P. leopardus populations on the
GBR (Chapter 2). Thus local retention in this system is a possible factor in the high levels
of population divergence observed among the eight reefs included in our study. Taken
together, selection driving local adaptation likely plays a role in shaping population
structure in reef fishes, despite an open marine environment facilitating high
connectivity.
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Although it was expected that populations experiencing fishing pressure would
show additional selection effects and hence changes in allele frequencies at a greater
number of loci, we did not find this to be the case. One possible explanation is that the
selective pressures brought on by exploitation act on very complex traits that are
determined by many low effect loci (Therkildsen et al., 2019). Furthermore, exploitation
experiments on wild-origin zebrafish (Danio rerio) have shown that both frequency
changes in genetic polymorphisms and changes in gene expression are important in the
adaptive response to exploitation (Uusi-Heikkila, Savilammi, Leder, Arlinghaus, &
Primmer, 2016). Given that several genetic loci are likely involved in fisheries-induced
evolution (Therkildsen et al., 2019) and that phenotypic plasticity may act to counteract
evolution (Oostra et al., 2018), an approach using candidate locus SNPs may not fully
represent the adaptive response to exploitation.
We identified candidate gene SNPs involved in metabolism, immune function,
and the heat stress response that appear to be involved in the response to fishing pressure.
Although it is possible that these loci are linked to other genes that are under selection, it
is likely that fishing pressure can impact the phenotypes associated with our candidate
loci. For example, growth is a trait that is selected upon as a result of fishing pressure
(e.g. van Wijk et al., 2013), and metabolism genes likely play a role in fisheries-induced
selection on growth as well. Additionally, it has been showed that fishing can impact
parasite abundance and diversity in coral islands (Wood, Sandin, Zgilczynski, Guerra, &
Micheli, 2014), which may lead to changes in patterns of immune gene polymorphisms.
Finally, although fishing pressure may not act directly on genes related to heat stress, it
has been shown that fishing pressure interacts with phenotypes that are important for
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responding to environmental changes associated with climate change (Perry et al., 2010;
Planque et al., 2010; Duncan et al., 2019). Since climate change can interact with growth
(Sun et al., 2015) and reproduction (Donelson et al., 2010; Miller et al., 2015), and other
phenotypes (reviewed by Pratchett et al., 2017), it is important to consider the impact
resulting from multiple stressors.
Given that marine fish species in general tend to experience high levels of gene
flow, it is often difficult to detect adaptation to local stressors in coral reef fishes.
Nevertheless, it is important to characterize genetic responses to stressors, given the
vulnerability of many exploited reef fishes. In this study, we used a cohort approach to
overcome the difficulties associated with applying standard population genetics
approaches to conservation in mixed aged, high gene flow species. We assembled, de
novo, a transcriptome for the common coral trout and used it to develop candidate locus
SNPs with the ultimate goal of identifying selection signatures in eight coral trout
populations. Using individuals from a single year-class across three age classes in eight
populations, we found that high levels of selection were prevalent among the populations,
and that patterns of selection strength, and even direction, varied as the cohorts aged. We
were able to identify SNPs that affect genes—and therefore ultimately phenotypes—that
are potentially important to the adaptive response to fishing pressure. Conservation
management plans should include the potential for local adaptation to play a role in
population persistence in the face of multiple environmental stressors even in widely
dispersing marine and coral reef fish species.
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Tables
Table 3.1: Cohort sample information for the common coral trout collected by line fishing on the Great Barrier Reef. Reef status refers to the
fishing pressure status of the population: Green reefs are closed to fishing, Manipulated reefs were closed to fishing, but pulse fished in 1999,
while Blue reefs were completely open to fishing and also pulse fished in 1999. Age refers to the age of the fish as determined by Mapstone et al.
(2004) through otolith analysis. Sample sizes varied per locus (ranging from 0-40).
Spatial
Reef
Latitude
Longitude
Surface area
Reef Status
Year
Age
Sample
region/Lat,
(ha)
(years)
size
Long.
Storm Cay
U/N Reef
-21.394354
151.327988
Green
1998
3
30
1274.19
(21132)
1999
4
39
2000
5
40
o
21 25’S,
Nancy Foster
-21.369734
151.36734
1509.91
Green
1998
3
40
151o15’E
Reef (21131)
1999
4
32
2000
5
40
U/N Reef
-21.37825
151.250336
533.41
Manipulated
1998
3
27
(21133)
1999
4
38
2000
5
20
U/N Reef
-21.473095
151.469147
1433.90
Blue
1998
3
40
(21139)
1999
4
40
2000
5
36
Mackay
U/N Reef
-20.402145
150.236679
Green
1998
3
40
217.62
(20142)
1999
4
32
2000
5
40
o
20 25’S,
Robertson
-20.348869
150.096069
327.18
Green
1998
3
40
150o15’E
Reefs (No 3;
1999
4
40
20137)
2000
5
40
Bax (20138)
-20.342073
150.197952
6226.06
Manipulated
1998
3
40
1999
4
40
2000
5
40
Boulton
-20.468006
150.290543
2065.42
Blue
1998
3
40
(20146)
1999
4
40
2000
5
38
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Table 3.2: Information for P. leopardus SNP loci that amplified in all three cohort age
groups across all sampled reefs. The “variant description” describes the location of the
polymorphism within the transcript and “variant” refers to the alleles present across
populations.
Locus
Description
Variation
Variant
description
SNP_119
Complement component C8 beta Upstream of gene
G/A
chain
SNP_130

Long-chain-fatty-acid--CoA
ligase ACSBG2

Synonymous

G/A

SNP_138

Large proline-rich protein BAG6

Synonymous

G/A

SNP_140

Heat shock protein HSP 90-beta

Synonymous

A/G

SNP_178

Probable ergosterol biosynthetic
protein 28

Upstream of gene

T/C

SNP_179

Fatty acyl-CoA hydrolase
precursor

Upstream

T/G
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Table 3.3: Results for likelihood ratio tests used to tests for effects on heterozygosity at
functional SNP loci in a cohort of coral trout as it aged. Details on factors included in
models are specified in columns labeled “fixed” and “random”. P values shown as
uncorrected.
Model
Fixed
Random
Term tested
df P value
2
Model 1
Region
Locus
Region
1.59
1
0.21
Model 2
Age
Reef
Age
1.85
2
0.40
Status
Locus
Status
0.91
2
0.64
Reef
0.29
1
0.59
Model 3
Age
Locus
Reef/Age
21.89 19 0.29
Status
Reef
interactions
Reef by age
interactions
Status by age
interactions
Model 4
Age
Locus
Status/Age
5.08
4
0.28
Status
Reef
interactions
Status by age
interactions

Table 3.4: Results showing proportion of loci with significant shifts in allele frequency
as the cohort aged. Region represents geographic location of the reefs and “Status” refers
to the fishing management treatment that the reef received. Reefs are identified by
identification numbers assigned by the GBRMPA. The numbers indicate the cohort ages
compared for the analysis of allele frequency change.
Region
Status
Reef
3 to 4
4 to 5
3 to 5
Mackay
Green
20137
0
0
0.11
20142
0.30
0.22
0.13
Manipulated 20138
0
0.25
0.40
Blue
20146
0.40
0.10
0.30
Storm Cay Green
21131
0.56
0.10
0.13
21132
0.42
0.14
0.66
Manipulated 21133
0.13
0.38
0.40
Blue
21139
0.45
0.22
0.42

96

Table 3.5: Details on models and results from likelihood ratio tests assessing for effects
on the proportion of loci that underwent significant shifts in allele frequency
distributions. Details on factors included in models are specified in columns labeled
“fixed” and “random”. P values shown as uncorrected.
Model
Fixed
Random
Factor
df
P value
2
1
Status
Region
Status
1.00
2
0.61
Age
Age
1.89
1
0.17
2
Status
Region
Region
0.65
1
0.42
Age
Status by
Status by
0.31
1
0.58
age
age
interactions interactions

Table 3.6: Details on models and likelihood ratio test results for effects on the selection
strength as measured by the absolute value of the difference between G’ ST measured at
neutral and functional loci. P values shown as uncorrected and bolded P values are
significant.
Model
Fixed
Random
Factor
df
P value
2
1
Type
Location
Type
3.83
3
0.28
Age
Locus
Age
17.91
2
0.00013
Locus
19.53
1
9.88e-06
2
Type
Locus
Type by
3.73
6
0.7131
Age
age
Type by
interaction
age
interaction
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Table 3.7: Likelihood ratio test results for effects on the selection strength as measured
by the difference between G’ ST measured at neutral and functional loci. The linear mixed
effects model that was used was fit with fixed effects for the type of comparison (i.e. the
fishing pressure status of the two reefs being compared) and age, and random effects for
reef pairs. P values shown are uncorrected and bolded P values are significant. See Table
3.2 for details on SNP loci.
Locus
Gene Description
Age
Type
SNP_119
Complement component
15.97
0.24
2
C8 beta chain
Df
2
3
P value
0.00034
0.97
SNP_130
Long-chain-fatty-acid-23.23
0.10
2
CoA ligase ACSBG2
Df
2
3
P value
8.83e-06
0.80
SNP_138
Large proline-rich protein 2
14.96
3.31
BAG6
Df
2
3
P value
0.00056
0.35
SNP_140
Heat shock protein HSP
11.1
3.01
2
90-beta
Df
2
3
P value
0.0040
0.39
SNP_178
Probable ergosterol
15.38
2.14
2
biosynthetic protein 28
Df
2
3
P value
0.00046
0.54
SNP_179
Fatty acyl-CoA hydrolase 2
22.40
1.62
precursor
Df
2
3
P value
1.37e-05
0.65
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Table 3.8: Details on models and results for likelihood ratio test used to tests for effects
on the proportion of functional SNP loci that showed selection signals in a cohort of coral
trout as it aged within 8 populations. In this case “Location” refers to whether or not the
reefs were in a similar or different region, and “Reefs” refers to the specific reef pairs
being compared to obtain divergence estimates. P values shown as uncorrected.
Response Model
Fixed
Random Factor
df
P value
2
Stabilizing 1
Type
Reef
Status
2.90
3
0.41
Age
Age
4.42
2
0.11
2
Type
Reef
Type by
3.75
6
0.71
Age
age
Type by
interaction
age
interaction
Diverging 1
Type
Reef
Status
1.57
3
0.67
Age
Age
0.49
2
0.78
2
Type
Reef
Type by
0.79
6
0.99
Age
age
Type by
interaction
age
interaction
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Table 3.9: Loci that amplified across all 3 age groups and identifying genes under stabilizing and diverging selection potentially as a
result of fishing pressure and the pattern of selection in these genes over time. Loci showing diverging selection in comparisons
indicated but not in control (i.e. Green/Green) are marked with ‘D’, while those showing stabilizing selection in comparisons indicated
but not in control are marked with ‘S’. Age indicates the age of the fish at the time of sampling. See Table 3.2 for details on SNP loci
(including gene names).
Blue/Blue
Manipulated/Manipulated
Blue/Manipulated
Green/Manipulated
Green/Blue
Age
3
4
5
3
4
5
3
4
5
3
4
5
3
4
5
SNP_119
S
S
S
S
SNP_130
S
S
S
D
D/S
SNP_138
S
S
S
D
S
S
D
S
S
S
SNP_140
D
D
D
SNP_178
SNP_179
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Figures

Queensland

Mackay

Storm Cay

Figure 3.1: Map of eight study sites within two spatial regions located on the Great
Barrier Reef for coral trout populations included in cohort study (see Table 3.1). Green
reefs are represented by white stars, Manipulated reefs are represented by grey triangles,
and Blue reefs are represented by black circles.
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Figure 3.2: Mean (± 95% confidence intervals) heterozygosity based on functional SNP
of a coral trout cohort as it aged from 8 populations on the Great Barrier Reef. “Reef”
numbers refer to reef IDs assigned by the GBRMPA and letters indicate the fishing
pressure status of the reef (B=blue, G=green, M=manipulated). See Table 3.1 for
descriptions of fishing pressure status treatments. Global tests showed no significant
effects age or fishing pressure status effects.

Figure 3.3: Allele frequencies at 6 SNP loci (see Table 3.3) of coral trout cohorts as they
aged on the eight sampled reefs. Letters next to locus name represent the allele being
measured. Reef numbers are IDs assigned by GBRMPA and letters indicate the fishing
pressure status of the reef (B=blue, G=green, M=manipulated), see Table 3.1. See Table
3.2 for details on SNP loci.
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Figure 3.4: ΔG’ST (difference between G’ ST at neutral and functional SNP loci) for functional
SNP loci in 8 coral trout populations for 3 cohort ages. Closed circles represent comparisons that
fall within the 99.5% CI and therefore show patterns of genetic drift while open circles fall
outside the 99.5% CI and show selection signals. Negative values represent loci showing
stabilizing selection while positive values indicate diverging selection Gene function is indicated
by the letter in the corresponding panel— A: Apoptosis; B: Heat stress; C: Immune; D:
Metabolism; E: Oxidative stress; F: Response to hypoxia; G: Sex change. See Appendix B3 for
details on gene function.
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Figure 3.5: Mean (± 95% confidence intervals) selection strength of coral trout cohorts at
various SNP loci, measured as the functional G’ST distance from neutral G’ST ( |ΔG’ST| ).
Letters indicate differences in selection strength within loci after FDR correction. See
Appendix for p values.
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Figure 3.6: Mean (± 95% confidence intervals) proportion of pairwise divergence tests
that showed signals of diverging selection among coral trout populations differing in
management status. Comparison refers to the type of pairwise comparison being made;
BM represents comparisons made between Blue and Manipulated reefs, GB represents
comparisons made between Green and Blue Reefs, GG refers to those between two Green
reefs, and GM refers to those between Green and Manipulated reefs. Values are shown
for different ages within the cohort (ages 3-5). See Table 3.1 for descriptions of fishing
pressure status treatments. Global tests showed no significant age or fishing pressure
status effects.
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Figure 3.7: Mean selection strength as measured by absolute difference in G’ ST (|ΔG’ST|)
at neutral and functional loci for a coral trout cohort across 8 populations. Values were
obtained by averaging pairwise G’ST with all other populations.
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CHAPTER 4
General Discussion
Environmental changes are occurring rapidly, and this poses a particular risk for
coral reefs, as these ecosystems are disproportionately affected by global climate change
(Tewksbury, Huey & Deutsch, 2008). Furthermore, many species within these
ecosystems are heavily exploited (Cesar et al., 2003; Sadovy, 2005), leaving populations
vulnerable to the detrimental genetic effects of harvesting (Allendorf, 2008) as well as
climate change. Population genetics is an important management/conservation tool that
can be applied to manage species at risk (Ouborg, 2010), including exploited reef fishes
with respect to the design of marine reserves (Palumbi, 2003) and harvest rates
(Allendorf, 2008). High recruitment variability combined with variable connectivity
commonly observed in marine species often creates challenges to using population
genetics for monitoring the effects of harvesting in coral reef fishes. However, coral reef
fish species often have a sedentary adult stage that offers a suitable solution because,
despite high levels of larval dispersal, these cohorts can form “closed populations” in the
open marine environment. This thesis contributes to our knowledge of temporal and
spatial genetic patterns of an important coral reef fish, the common coral trout
(Plectropomus leopardus), as well as how these patterns are affected by line fishing on
the Great Barrier Reef.
Chapter 2 describes our use of neutral microsatellite DNA to first demonstrate
that coral trout populations on the GBR show both temporal and spatial changes in
genetic structure, a finding that was then confirmed using a cohort approach. Although
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our cohort study found no evidence of increased genetic change associated with
exploitation, we found that there are likely selection effects as a result of harvesting of
populations. In Chapter 3, we used a candidate gene SNP marker approach to assess the
proportion of SNPs that showed selection signals and also identify genes putatively
important in the adaptive response to exploitation. Although we found no effects of
fishing pressure or age on the proportion of loci under selection, we found that genes
involved in metabolism, the immune response, and heat stress response potentially play a
role in the response to fishing pressure in this important species.
Here I discuss the key findings of this thesis in terms of their connection to the
conservation and management (in terms of exploitation) of this particularly important
reef fish, as well as exploited reef fishes in general. Perhaps my most striking finding was
that there was in fact subtle subdivision among populations, which other studies using
microsatellite markers in P. leopardus failed to indicate (Williamson et al., 2016). This is
important because in general, marine protected areas are based on the premise that there
is high connectivity among marine populations, and therefore, gene flow from protected
areas may replenish diversity and biomass lost through exploitation of reef fishes
(Botsford, Micheli & Hastings, 2003.). However, our findings show that there are some
connectivity limitations, and those limitations need to be incorporated into models for
setting sustainable fishing quotas. Furthermore, given that we found patterns consistent
with isolation by distance, the location of protected reefs should be considered
strategically with respect to connectivity to ensure maximal coverage of larval dispersal,
which also been suggested based on studies conducted on white seabream (Diplodus
sargus) populations from the western Mediterranean (Perez-Ruzafa et al., 2006) and on
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coral trout (P. leopardus) populations from the GBR (Bode, Armsworth, Fox & Bode,
2012). Taken together, these results show that patterns of connectivity and the variability
in these patterns should be considered when making decisions on conservation
management plans.
Although we did not find a loss in diversity or increased genetic changes
associated with exploitation, we found that exploitative selection led to different patterns
of selection in fished populations of coral trout on the GBR. We found that the patterns in
mean pairwise relatedness differed in fished reefs compared to protected reefs, indicating
that there were differences in the families surviving exploitation pressure. Additionally,
we showed that SNPs associated with genes with diverse functions showed selection
signals likely as a result of fishing pressure; these SNPs included regions in genes
involved in immune and heat responses and metabolism. Although larval dispersal may
act to increase connectivity between populations, individuals spawn in aggregations
mostly within reefs and show fidelity to aggregation sites (Zeller, 1998). Therefore, the
changes brought on by fishing pressure selection will affect the combination of alleles—
and therefore phenotypes— that are passed on to the next generation. Given that we
found some degree of restricted connectivity, particularly with functional makers, it is
possible that the effectiveness of marine reserves may be reduced. Over generations, the
genetic effects we found within cohort may accumulate and show at the population level.
Overall, we found that genetic divergence among reefs decreased with age and we
found little effect of fishing on the genetic structure of the cohorts. The relatively high
FST values in younger fish indicate spatial variation in recruitment in this species. This
variation in recruitment may contribute to patterns that lead to chaotic genetic patchiness
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that we found at the population level. The lack of fishing effects on genetic structure may
potentially be the result of increased inter-reef movements of older individuals as they
migrate to join spawning aggregations (Zeller, 1998), and it is possible that individuals
from protected reefs travel to fished reefs. However, since inter-reef movments are
typically rare for this species (Davies 2000; Sumpton et al., 2008; Matley et al., 2015)
and reef fishes in general (Sale, 1991), it is likely that the decrease in genetic structure is
the result of certain families surviving more than others across all reefs.
The concepts of connectivity and effective population size are closely tied for
marine fishes, because high connectivity pushes populations toward panmixia, leading to
an overall high effective population size. However, we did find some limits to gene flow,
reducing connectivity within coral trout populations on the GBR, which indicates that the
metapopulation is not necessarily at its full capacity to respond to environmental
stressors. Although we did not find differences in genetic diversity among populations,
the variable Ne estimates are important because they are indicative of possible differences
in the evolutionary potential among those populations. That is, some populations are
more able to respond to stressors such as exploitation. Both connectivity and effective
population size will need to be considered when selecting protected areas to ensure that
exploitation occurs at sustainable rates.
Overall, we have identified patterns of genetic structure in P. leopardus consistent
with chaotic genetic patchiness, likely due to variable recruitment. However, we also
found evidence for isolation by distance, highlighting the importance of widespread
spatial and temporal sampling to more accurately characterize genetic structure in coral
reef fishes. Furthermore, we used a cohort approach to assess the effects of line fishing,
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showing that despite resilience to losses in genetic diversity, there were selection effects,
as shown by different patterns of pairwise relatedness. Finally, we have shown that the
phenotypes important for adaptive heat responses are impacted by fishing pressure,
highlighting the need to consider both stressors to successfully conserve/manage
populations.

Future directions
Experimental and sampling approaches
The first goal of this study was to assess spatial and temporal genetic patterns in
an exploited reef fish. By using cohort samples, we were able to observe changes that
occurred over time without interference from new recruits. Although this allowed us to
gain insight on spatial genetic variation within a year-class, it did not allow for the
assessment of true temporal variation, which would allow us to better discern patterns of
genetic variation with respect to recruitment, a process that is potentially important in the
formation of ephemeral genetic patterns characteristic of chaotic genetic patchiness. By
observing multiple year classes, we would be able to better assess the variability in
recruitment temporally, and how this contributes to chaotic genetic patchiness.
One of the main goals of this study was to determine the genetic effects of line
fishing on an exploited coral reef fish. In general, assessing the effects of exploitation in
the wild has proven to be difficult as a result of natural variation among populations that
can mask the effects of harvesting (Ludwig, Hilborn & Walters 1993; Mapstone et al.,
2004). Although the ELF experiment performed by Mapstone et al. (2004) was critical in
that the experiment was performed in a natural setting, there have been experiments
examining the impact of size-selective fishing that have been conducted in laboratory on
Atlantic silverside (Walsh et al., 2006), guppies, (van Wijk et al., 2013), and zebrafish
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(Uusi-Heikkila et al., 2015). Controlled experiments are useful because they allow
researchers to examine the effects of fishing without natural variation among populations
impacting the results. Therefore, it would be best if a controlled experiment was
conducted along with the experiment in natural populations to compare findings obtained
in both experiments. Furthermore, a controlled experiment would allow researchers to
study the impacts of size-selective fishing across generations without the genetic
interference of new recruits or migrants that is common in marine fishes. A controlled
experiment would also allow us to assess fitness impacts on individuals that survive sizeselective fishing. Such an approach would allow us to correlate phenotypes with
reproductive output, allowing us to determine which phenotypes are being selected for as
a result of fishing pressure. Furthermore, it has been shown that across generations,
changes in gene expression occur in groups of exploited fish, indicating that rapid
evolution as a result of changes in gene expression is a likely response to exploitative
pressures (Uusi-Heikkila, Savilammi, Leder, Arlinghaus & Primmer, 2017). A controlled
environment would allow for such changes to be studied in more detail, and in particular,
identify genes that may show changes in gene expression but not in DNA sequence.
The resilience to climate change and exploitative selection are often linked
(discussed by Perry et al., 2010; Planque et al., 2010). We showed that genes important
for responding to heat stress are likely impacted by exploitative selection. This is
extremely important, especially for coral reef fishes, as exploited species face the
selective pressures of harvesting against a backdrop of climate change. Research has
shown that in some cases, fishing pressure can remove high-fitness individuals that are
more likely to persist in a warming climate (Duncan et al., 2019). Future research should
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examine the impacts that both of these common stressors have on coral reef fishes to
inform models on sustainable harvesting that also consider selective pressures brought on
by the changing climate.
Finally, these effects should be examined in other exploited reef fishes as well,
including those that do not undergo protogynous sequential hermaphroditism. This
information would indicate how much information can be generalized from species that
have different life history traits but would also ensure that we are more able to conserve
coral reef ecosystems for ecological and economical purposes, including exploitation in a
sustainable manner.
Technical improvements
In our attempt to identify genes under selection as a result of fishing pressure, we
ran into issues with uneven amplification across loci as well as samples. To overcome
these issues, a RAD-seq approach could be implemented, in which DNA is sequenced
directly from sampled populations as opposed to developing primers to genotype
individuals. Not only would this overcome difficulties caused by uneven amplification in
multiplex PCR reactions, but it would also allow for the simultaneous study of thousands
of loci. Although cost would likely cause a constraint on the number of individuals that
can be studied, information at this scale is undoubtedly important because exploitation
acts on complex traits, that are likely affected by multiple loci (Therkildsen et al., 2019).
Selection on such traits would result in changes across many loci and such changes are
more likely to be detected by genotyping individuals at several thousand loci, and in turn,
more likely to allow for the detection of important genotypes and phenotypes in exploited
reef fishes. Similarly, a whole transcriptome sequencing approach through RNA
sequencing could be applied to obtain similar information. Furthermore, RNA sequencing
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could give information on gene expression, which has been shown to play an important
role in the response to fishing pressure (e.g. Uusi-Heikkila et al., 2017). Such information
would undoubtedly be useful in identifying important genes and traits in marine fishes
that are experiencing several stressors simultaneously.
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APPENDICES

Appendix A
Appendix A1: List of primers for P. leopardus microsatellite loci included in multiplex
PCR used to genotype individuals.
Locus

Primer Sequence

Repeat Motif

Ple001

F: CATCACTGATCACACTGCCTCC
R: AACCTTCACTACAGTTAATACCACAC
F: TACTCGCAATTATAACACAGATCCAG
R: TTTGTCCAGCACTGTATTTATCTATC
F: AGCTGCCAATCACCTGGTC
R: CCCACAAACCTGCTGGTCAT
F: GTATTGATGATGGGCTTGTGCT
R: GGATGAGACGGCGAACAAGG
F: TGGCATCTCTGAGGGAGGA
R: ACGTTGTGTTTCTGCAGCTC
F: CCACAAACCTGCTGGTCATAT
R: CAATCACCTGGTCCGAAGTCT
F: CACTCATGCTGTCCCTTTTCTC
R: TGCGAGGACACAGAGCAAGAA
F: TTCAGGGCCAATTTCAGCAG
R: AGCCCAAAACGTCAGGTCGA
F: AACGTCAGGTCGAGGTGTAG
R: GGACGCTCTATTTCCTGCTTA
F: GAAGAGTTGAAGGTCGGTGCA
R: TGGGGTGATATGTGAGCAAAAG
F: ATATGGCCATTATTGTGAGTTAGGTG
R: AAATCTTTAAACCTACCACTGATCCC
F: TTGTATGTAATTTCGCCATGTTTGAG
R: TGTTGTCCGGTCATATTAATTGAGAG
F: AAAGTTAGCCATTTAAACACAGAGCC
R: TAGGTAGAGGTCACTGTTGCATTATC
F: GCCTTCGGAAACAATCATTATTCATC
R: GGGAAATTAAGAAGTCTACATTGAAGC
F: AGTGGGGCCATGTTTAACAACAGCA
R: ACGAGTTTTGTGAGATGGATGGGTGGA
F: CAGGAGCCATTGAGACAGGGAGAGG
R: AGTGTTGGTGGTTTCGCTGATGCTT

ACGC

GenBank
Accession
KF992544

AGAT

KF992545

CAT

GU724990

AGG

GU724992

AG

GU724994

(TG)T(GTGC)

GU724995

(TC)(TG)

GU724997

GA

GU724998

(TC)(GAA)

GU724999

(TA)G(CA)

GU725000

AATG

KF992548

AAAG

KF992562

ACAT

KF992563

AAAT

KF992561

ATCT

JN222546

GATA

JN222548

Ple002
PL03
PL05
PL07
PL09
PL11
PL13
PL14
PL15
Pma012
Pma288
Pma412
Pma191
Pma097
Pma106

Reference
Harrison et
al., 2014
Harrison et
al., 2014
Zhang et al.,
2010
Zhang et al.,
2010
Zhang et al.,
2010
Zhang et al.,
2010
Zhang et al.,
2010
Zhang et al.,
2010
Zhang et al.,
2010
Zhang et al.,
2010
Harrison et
al., 2014
Harrison et
al., 2014
Harrison et
al., 2014
Harrison et
al., 2014
Harrison et
al., 2012
Harrison et
al., 2012
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Table A2: Genetic diversity for reefs differing in management status across 3 years. Values shown represent means and 95%
confidence intervals are shown in brackets. Reef status refers to the management of the population: green control reefs are closed to
fishing, green manipulated were closed to fishing, but pulse fished in 1999, while blue reefs are completely open to fishing and also
pulse fished in 1999. “Reef” refers to Reef identification number assigned by GBRMPA. “Spatial region” refers to the region the reefs
are located in. “Year” refers to the year in which sampling took place, while “Age” refers to the age of the individuals as determined
by otolith analysis.
Spatial region
Reef
Status
Year
Age
HetObs
Ar
Storm Cay
21132
Green
1998
3
0.76 (0.66-0.87)
8.06 (5.83-10.3)
1999
4
0.67 (0.57-0.78)
7.85 (5.62-10.1)
2000
5
0.67 (0.57-0.77)
8.75 (6.52-11.0)
21131
Green
1998
3
0.76 (0.66-0.86)
8.88 (6.65-11.1)
1999
4
0.72 (0.62-0.82)
8.56 (6.33-10.8)
2000
5
0.74 (0.64-0.84)
9.30 (7.08-11.5)
21133
Manipulated
1998
3
0.78 (0.68-0.88)
8.85 (6.62-11.1)
1999
4
0.78 (0.67-0.88)
9.28 (7.05-11.5)
2000
5
0.77 (0.66-0.87)
8.72 (6.50-11.0)
21139
Blue
1998
3
0.82 (0.72-0.93)
9.20 (6.97-11.4)
1999
4
0.76 (0.65-0.86)
8.99 (6.76-11.2)
2000
5
0.71 (0.61-0.82)
8.49 (6.26-10.7)
Mackay
20142
Green
1998
3
0.72 (0.62-0.82)
7.92 (5.70-10.1)
1999
4
0.69 (0.59-0.80)
8.55 (6.33-10.8)
2000
5
0.71 (0.61-0.82)
8.24 (6.03-10.5)
20137
Green
1998
3
0.77 (0.67-0.87)
10.1 (7.87-12.3)
1999
4
0.74 (0.64-0.84)
8.66 (6.44-10.9)
2000
5
0.70 (0.60-0.81)
8.32 (6.11-10.5)
20138
Manipulated
1998
3
0.76 (0.66-0.87)
9.86 (7.64-12.1)
1999
4
0.71 (0.61-0.81)
8.78 (6.57-11.0)
2000
5
0.73 (0.62-0.83)
8.90 (6.68-11.1)
20146
Blue
1998
3
0.71 (0.61-0.82)
8.54 (6.33-10.8)
1999
4
0.68 (0.57-0.78)
8.85 (6.64-11.1)
2000
5
0.71 (0.60-0.81)
8.29 (6.08-10.5)
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Appendix B
Appendix B1: Statistics for samples used to assemble the coral trout transcriptome.
Number of reads refers to the numbers of sequencing reads obtained through RNASeq.
The overall alignment rate indicates the percentage of reads that aligned to the assembled
transcriptome.
Sample Name
Number of
Overall
Read pairs
Read pairs
Reads
alignment
mapping once mapping more
rate (%)
(%)
than once (%)
PL1
PL2
PL3
PL4
PL5
PL6
PL7
PL8
PL9
PL10

35,096,239
29,121,747
29,443,192
30,413,317
36,555,191
53,079,909
38,130,807
44,004,367
28,004,457
46,762,730
370,611,956

93.34
95.72
94.84
95.74
95.06
96.15
95.23
95.86
93.12
95.89

22.81
24.79
23.09
23.53
18.54
24.26
24.49
25.25
25.80
26.72

70.54
70.93
71.75
72.21
76.52
71.89
70.75
70.61
67.31
69.17
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Appendix B2: Summary statistics for the assembled transcriptome of Plecotrpomus
leopardus, as well as SNPs characterized based on sequence data from 10 individuals.
Total number of assembled
139 991
transcripts
Total assembled bases
164 121 333
Number of SNPs
22 335
characterized
SNPs in transcripts with
20 227
valid start codon
Variant type
Downstream gene variant 7139
Intergenic region
4412
Missense variant
1792
Synonymous
5146
Upstream gene variant
1718
Other
20
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Appendix B3: Details on the 80 P. leopardus SNP loci and primers that were included in multiplex PCR reactions in this study.
“Group” refers to the multiplex group that the primers were added to. “Effect” refers to the effect of the variant on the amino acid
sequence
Name

Gene description

Type of
variant
missense

Variant

Effect

Forward Primer

Reverse Primer

SNP_2
SNP_3

Interleukin-6 receptor subunit
beta
Lysosome membrane protein 2

SNP_6

C/G

Asp/Glu

GTTTCCCCAATCACATGACC

ACAAACCAGTCTGCGTCTCC

3

missense

G/A

Val/Ile

CTACGTATTCCAGCGCAACA

GTAGGCGGAGATCAGATTGG

4

Galectin-3

missense

A/G

Glu/Gly

GGTTGACTTTGCTGGTGGAT

GCTCCTGGTGCAGGGTATT

1

SNP_9

Vitronectin

missense

G/A

Ala/Thr

CAAGTCCATGCTTCCTGGTT

TCTCAATGTTCCCGGACTCT

1

SNP_15

missense

C/T

Pro/Ser

AGCCTGGAGAGAATCAGCAA

GCAGGTGTCCTCCGTATGTT

3

SNP_21

C-type lectin domain family 4
member E
Calreticulin

missense

A/G

Glu/Gly

GAAGGACTCTGAAGGCGATG

CGCCTCCTGTCCTCTACAAC

4

SNP_22

Collectin-12

missense

G/A

Glu/Lys

ACGCATGTTGATCCTGGTTT

TGAGCCTCCGATTCTATTGG

1

SNP_24

Complement C3

missense

G/C

Arg/Thr

TGGCTACCGTAAAAGGGATG

TGGGACACCTCTCCAACTTC

1

SNP_25

Complement C1r-A
subcomponent
Gamma-interferon-inducible
lysosomal thiol reductase
Interleukin-6 receptor subunit
alpha
Complement C3

missense

A/G

Ile/Met

TTTCACCGACAACTTCCACA

TCTGGCCTTCATCATCAGTG

4

missense

C/G

Gln/Glu

AGTGGAGGTGGGGCTTTACT

TCATGTTGCCAAGACATTCC

3

missense

G/A

Asp/Asn

CCATCGGATGTGTCAGTACG

TGTAGGAGCGCTGGATCTTT

3

missense

C/T

Pro/Leu

TTGTTTGAGTCCAGCACAGC

GCCATCCGAACAACAATCTT

3

C-type lectin domain family 4
member E
Complement C1q
subcomponent subunit A
Myeloid differentiation
primary response protein
MyD88
Chitinase domain-containing
protein 1
60 kDa lysophospholipase

missense

G/C

Ser/Thr

CAGTGGTATGTGGTGGGAGA

ATAAAAAGCCGCACAGTTCC

1

missense

G/A

Met/Ile

ACCGAAGGGAGAGAAAGGAG

TTACCCATTGCTCCCAGATG

1

missense

T/G

Ser/Ala

ATGACTGTTGCGGAGGCTAT

TTCCTCTCCACCTCCTCTGA

4

missense

G/A

Arg/Lys

TGGGAGGGAACAAAAGAAAA

ATGAGGCTGAATCCATCGAC

1

missense

G/T

Ala/Ser

AGTTGGAGGAAGCAGGAACA

AGCTGGAACCTTGGCTTTTT

4

SNP_26
SNP_27
SNP_30
SNP_31
SNP_33
SNP_36

SNP_37
SNP_40

Group
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SNP_41

Fatty acid 2-hydroxylase

missense

C/T

His/Tyr

CCAGTGGTGTGGCTTCCTAT

GAACCAGCCCATCAAAAAGA

1

SNP_42

missense

G/A

Val/Ile

ATGACGTATCCAAGGCCATC

TTGGGGACATTGAGGAAAAA

1

SNP_45

Very-long-chain 3-oxoacylCoA reductase-B
3-keto-steroid reductase

missense

C/G

Leu/Val

TTTCTTCAAAAGCCCGAGTC

GCAGCGGTCTCTGGTTACTC

3

SNP_46

Cytochrome P450 4V2

missense

C/G

Asn/Lys

ATTCGTGAAAGAGCGGAGAA

CTTCCTGGATGTCCTGATGG

1

SNP_47

Serine incorporator 1

missense

C/T

Pro/Leu

ACCTGGAATGGAGACACAGC

CGGCGAACAGAAAGAAGAAG

4

SNP_49

Aldehyde dehydrogenase
family 3 member A2
Cytosolic 10formyltetrahydrofolate
dehydrogenase
Midnolin-A

missense

C/T

Pro/Leu

TGCCTGGGGGAAGTACACTA

TAGTCAGGGCAGGTCTTTGG

1

missense

T/C

Phe/Leu

GGTGACTCCACTGACAGCAA

TAGAGCCTGTGAAGCCCAGT

4

missense

C/T

Pro/Ser

ACACCACAGGATCCACCATT

CAGAGTGGGAAGGACAGGAC

1

Diacylglycerol Oacyltransferase 2
ADP-dependent glucokinase

missense

A/T

Tyr/Phe

AATTGAGGACCCGACTGATG

CTCTCACTGGATGCACAGGA

3

missense

A/G

Asn/Asp

GGACCCAAATCCTCGTGTAG

GAGCCGAGTCAGTGGCTTAG

4

Fructose-bisphosphate
aldolase A
Dehydrogenase/reductase SDR
family member 11
Aldo-keto reductase family 1
member D1
Diacylglycerol Oacyltransferase 1
Very long-chain acyl-CoA
synthetase
Carnitine O-acetyltransferase

missense

T/C

Ile/Thr

CAACCTCAACGCCATCAAC

GACACGTACTTCCCCAGAGC

3

missense

G/C

Ser/Thr

TGGCTCATCCAGAGTCATTG

AACCACACGATGTCCACTCA

1

missense

C/T

Pro/Leu

ATTTCACCCACCAGAGTTGG

AAGCCATAGGGAGCTCAACA

3

missense

G/A

Ser/Asn

GGTACGGTGTTCTGGTGGAC

TTCGAAAGCTGCCTTTCTGT

1

missense

C/A

Asn/Lys

TACCTCTGCACCACACCAAA

CCTTCCGTTGCTCCATAAAA

1

missense

T/A

Ser/Thr

CATGACTGTCCGAGGGTTTC

TCCTGATTCACCAGGGATCT

4

missense

C/G

Asp/Glu

GCGAGAAGAGCCAGAACATC

CTGCCGTCAGTTGATTGCT

4

SNP_75

Nuclear factor erythroid 2related factor 2
Peroxiredoxin-1

missense

A/G

Asn/Ser

GACGACTTCTCCTCGGCTTT

TACAGCTGTGGCTGTGAAGG

1

SNP_76

Superoxide dismutase [Cu-Zn]

missense

G/C

Glu/Asp

AGACCTGGGGAATGTGACTG

GGTTCTGCCAATGATGGAGT

3

SNP_80

3-mercaptopyruvate
sulfurtransferase

missense

G/A

Arg/Lys

GCCCTGGGTCAAGAGTTATG

AAAGACGTGAACGGCATGTT

4

SNP_51

SNP_53
SNP_57
SNP_59
SNP_60
SNP_65
SNP_66
SNP_68
SNP_69
SNP_70
SNP_74
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SNP_85

missense

G/C

Glu/Asp

ACTCGGGCAAATCATACACC

GCCTTTTTCAGGTCCTCCTC

1

SNP_86

DnaJ homolog subfamily B
member 12
TGF-beta receptor type-2

missense

C/A

Thr/Lys

TTTGGTGTGGAGCGATACTG

CCTCCAGATACTGACGCACA

2

SNP_87

Egl nine homolog 2

missense

G/A

Arg/His

AGGACAACTTCCTGGGTCCT

ATGCTCTTCTGGCTCACCA

2

SNP_88

Transmembrane protein 214-B

missense

G/A

Arg/Lys

ACACTGTCCGGATGACATGA

GCAGACTGGACTGGGGTAAG

2

SNP_91

Tumor necrosis factor receptor
superfamily member 1A
Probable Bax inhibitor 1

missense

C/T

Ser/Leu

TTGCAACAAATGCTCTCCAG

CGTTGCGGTCTCTTTCACAT

3

missense

C/T

Thr/Met

TGGCCGTTTGTATGTTTGTG

CACCTGTGAGGAAGGCAAAT

2

missense

C/T

Ala/Val

AGGAGTCGGCCAATGAGAC

ACACTGAGGGAGGCTGAAAG

2

SNP_95

Estradiol 17-betadehydrogenase 8
Cytochrome P450 2J6

missense

C/G

Pro/Ala

TTCTTCACCTCCCTCCTTCA

GATTCAGCTGGTGGTTTATCG

4

SNP_96

Cytochrome P450 2J5

missense

C/T

Arg/Trp

AGGACCTGAACCACAGCAAT

TTCCAGCCAAAAACAGATCC

4

SNP_103

CD9 antigen

missense

T/G

Phe/Cys

AGTCCACGCAAACAAACTCC

TCGAATATGGGTCTGGTGCT

3

SNP_104

missense

C/A

Pro/Thr

GAGCAGGTCGAGATGGAGTC

GCCGGATAACCTCCTCTTTC

2

SNP_106

3-hydroxy-3-methylglutarylcoenzyme A reductase
Complement factor D

missense

T/G

Phe/Val

GACATCATGGCGTCAGAGAA

ATCACCCACTGATCGGCTAC

2

SNP_107

Complement C2

missense

A/G

Asn/Ser

CACACAGGGGAAAAGGTGAT

TCAAAAGTATTGGGGCCTTG

3

SNP_110

synonymous

G/A

Ala/Ala

TCCTGTCTGAGGGTTGTTCA

GGTAGGCAGAGCTCAGGATG

2

upstream

G/T

CAGCGCTGATGTTGTTCAGT

GGAGGATGTCGCTGTGATTT

2

downstream

G/A

TGACTTCACTGGTGCTGGAG

CTTTGGGGGTGTCCAGTCTA

1

upstream

C/T

GCTGGATCGTGCTCTCTCTC

CCTATCAGACGCATGACTGC

2

missense

T/G

ATGGCCTTCACTTACCTGGA

TTCCTCTCCACCTCCTCTGA

1

upstream

G/A

TTTACACAGAGAGCCGAGCA

TTAGCAGCACCAAGCTCAAG

4

SNP_122

Methylsterol monooxygenase
1
Macrophage-stimulating
protein receptor
Cbp/p300-interacting
transactivator 3
Phospholipid hydroperoxide
glutathione peroxidase
Myeloid differentiation
primary response protein
MyD88
Complement component C8
beta chain
Eosinophil peroxidase

downstream

C/T

ACAGCCACAATCTGCCTTCT

CATAGACACCTGGGATGACG

2

SNP_124

26S proteasome non-ATPase

synonymous

T/C

GTTGGACATGCTGAAGCAGA

GAATGGGATCAACCACGACT

2

SNP_92
SNP_94

SNP_111
SNP_113
SNP_114
SNP_115

SNP_119

Ser/Ala

Leu/Leu

130

regulatory subunit 14
SNP_126

CTGAGCCTTTGACTCGCTCT

TTTTTAGCGAGATCCCCAGA

2

Thr/Thr

CGACCCCTCCTCTCTTCTCT

GGGACAGCTGCTCTGAAAAG

4

T/C

Pro/Pro

CAAACCAGGATCGAATATGGA

TTCCTGATCCACAGGCCTAC

2

synonymous

G/A

Ala/Ala

TTAAGAAGGGTCCGTGAAGC

GTGCTTTCACTCATGCCGTA

3

downstream

G/C

CCACTACAACGCTGGCTACA

TGCGCAGTTTATTCAGAGGA

2

upstream

C/T

CAGCTGACGAGACGACAAAC

CCGACAGCTTCACACAACAC

2

synonymous

G/A

Ala/Ala

CGAACGAACACAAAGTGCAA

TCCAAGGTCTCCAGGTAACG

2

synonymous

A/G

Thr/Thr

CACCTGAAGGAGGACCAGAC

ACAAACAGGGTGATGGGGTA

4

upstream

G/A

ACGCATGCATACACACACAC

CAGGTCCAATCAGGCAGTCT

2

SNP_146

Peroxisomal succinylcoenzyme A thioesterase
Large proline-rich protein
BAG6
Heat shock protein HSP 90beta
Ras association domaincontaining protein 6
Proline-rich AKT1 substrate 1

upstream

G/A

TAAACATCTGGCAACGTGGA

GATATTGGGCGGTGTCCTTA

2

SNP_148

Complement factor B

synonymous

T/C

Phe/Phe

ATCCGTGGTGGGTGTACATT

TCTGCCATTTCCATCATCAA

2

SNP_151

FGGY carbohydrate kinase
domain-containing protein
Vascular endothelial growth
factor A-A
L-serine dehydratase/Lthreonine deaminase
Interferon-induced protein 44like
ELMO domain-containing
protein 2
Glycerol-3-phosphate
dehydrogenase [NAD(+)]
Cholesterol 24-hydroxylase

synonymous

C/T

Ile/Ile

GAGCCCCAGTCTGACCACTA

TGGTCCAAAACCACAAGTGA

3

upstream

C/A

TGGAGAGGACTGACCTGCTT

CCGTCTCCAAATATCTGTCCA

3

upstream

T/A

AGGAAGCTGCTCTGCTGTGT

CGCCATGATGAGCCTAATTT

3

downstream

G/A

ATGCAGATCCTTCGCTTCAC

AACTATGCAGCATCACCTGCT

3

synonymous

G/T

Val/Val

GGGGCAACAAGGACATTAAA

TGGATCTTTCTGGGGTTTGA

4

synonymous

C/T

Asn/Asn

AGATAGTGGGTGCCAATGCT

CAGCTTGTGTCCAGGAAGGT

4

upstream

C/T

TCGGTTACTGCGTGTACGTC

TTGCGTACTCACCACTCCAG

4

SNP_128
SNP_129

SNP_130
SNP_131
SNP_133
SNP_138
SNP_140
SNP_143

SNP_155
SNP_162
SNP_163
SNP_166
SNP_168
SNP_171

Glucose-6-phosphate 1dehydrogenase
Beta-enolase

upstream

C/T

synonymous

T/C

(Lyso)-Nacylphosphatidylethanolamine
lipase
Long-chain-fatty-acid--CoA
ligase ACSBG2
Complement C3

synonymous
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SNP_178

upstream

T/C

CCATTGCAAACGTAACACCA

GGACGTTCAGAAAGCGACTC

3

upstream

T/G

GTGCAAGAGTGGTTTGGTCA

AGATTGCGTAACTGCGGACT

1

SNP_183

Probable ergosterol
biosynthetic protein 28
Fatty acyl-CoA hydrolase
precursor
Riboflavin kinase

downstream

T/A

GCCGTGTGAAAGCTATTCCT

ATGGCCCTGAATCCTACACA

3

SNP_190

Protein lifeguard 1

missense

C/A

GCAATTCTCCAATCGCAGTT

TGTTTCCCACCCAGGATAAG

4

SNP_179

Leu/Met
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Appendix B4: Uncorrected p values for comparison of selection strength (measured by
difference between neutral and functional G’ST) for a coral trout cohort across 8
populations at 6 functional SNP loci. Bolded values were significant after FDR
correction.
Locus
Age contrast
P value
SNP_119
3/4
0.0064
3/5
0.4765
4/5
0.0006
SNP_130
3/4
0.0116
3/5
0.0001
4/5
0.0006
SNP_138
3/4
0.1403
3/5
0.0219
4/5
0.0001
SNP_140
3/4
0.3593
3/5
0.0112
4/5
0.0007
SNP_178
3/4
0.0001
3/5
0.9792
4/5
0.0002
SNP_179
3/4
0.0001
3/5
0.0792
4/5
0.0001
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